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PREFACE 

The relationships between processing, microstructure, and properties form the basis 
for the materials science field. Characterization is a critical step along the pathway 
of discovery in understanding these relationships. This collection of proceedings 
covers the use of characterization across the entire life cycle of materials, from 
extraction to processing to utilization to recycling. In addition, the breadth of this 
volume is meant to cover characterization across the spectrum of science and 
engineering consistent with technology or manufacturing readiness levels from one 
to nine. This will serve the dual purpose of furnishing a broad introduction of the 
field to novices while simultaneously serving to keep subject matter experts up-to-
date. 

The Materials Characterization Committee of TMS sponsors a symposium 
on Characterization of Minerals, Metals, and Materials as a major event during 
the annual TMS meeting. The 2015 symposium held in Orlando, Florida, USA 
received more than 250 submissions and is expected to have 109 oral presentations 
and 127 poster presentations. Of these presentations, more than 100 accompanying 
papers were accepted for publication in this book after a peer review process. The 
Characterization of Minerals, Metals, and Materials symposium at TMS is not only 
one of the largest and most broad symposia in terms of scientific coverage but in 
speaker participation as well. Twenty-three countries will be represented by the 
presenters with speakers from Africa, Asia, Europe, the Middle East, Australia, 
South America, Central America, and North America. 

Manuscripts included within this volume will include characterization studies 
on materials such as ferrous metal, non-ferrous metal, clay, ceramic, composite, 
polymeric, electronic, magnetic, environmental and advanced materials. Also 
included are papers related to the characterization of welding, solidification, 
processing, corrosion, and extraction of materials. Various characterization 
technologies are developed and utilized throughout this volume to solve current 
problems in materials science. Although sections in this book are generally divided 
among material (e.g., minerals vs. soft materials) or processing step lines (e.g., 
welding vs. extraction), the editors entreat the readers to view the entire book as 
potentially being of use in providing applicable solutions across the entire spectrum 
of materials. 

The editors of this book are very grateful to the authors of the included papers. 
Their willingness to share their scientific endeavors and knowledge are critical to 
the passing and advancing of knowledge in this field. In addition, they are grateful 
to the publisher, Wiley, for their help in producing an aesthetically pleasing volume. 
The editors would also like to express gratitude to TMS for providing the Materials 
Characterization Committee with the opportunity to publish a stand-alone volume 

xv 



which illustrates the importance and interest level in materials characterization. 
Finally, they would like to thank all past members and chairs of the committee for 
their desire to serve the greater materials science community through the sacrifice 
of their time and talents. 

John S. Carpenter 
Chenguang Bai 
Juan Pablo Escobedo 
Jiann-Yang Hwang 
Shadia Ikhmayies 
Bowen Li 
Jian Li 
Sergio Neves Monteiro 
Zhiwei Peng 
Mingming Zhang 
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Abstract 
The age hardening behavior in the 480-600 °C temperature range was studied in maraging steel 
350. The age hardening at 480, 520, and 560 °C was modeled by an equation derived from the 
Johnson-Mehl-Avrami-Kolmogorov (JMAK) model, while the overaging stage at 520, 560, and 
600 °C was examined using a model based on the Orowan mechanism and on the Pardal model. 
The results show that the model based on JMAK for the early aging stages has good fitting with 
the experimental data in the 480-560 °C range. Furthermore, the precipitation seems to occur in 
two stages at 480 °C. In addition, the model based on the Orowan mechanism and on the Pardal 
model has good fitting at 520 and 560 °C, but the Pardal model fitting is better than that of 
Orowan at 600 °C. This behavior is due to the reversion of martensite, which becomes significant 
when the temperature increases. 

Introduction 

Maraging steels are low carbon martensitic steels that are hardened by precipitation of 
intermetallic phases when they are submitted to aging treatment [1,2]. Commercial maraging 
steels are usually iron-nickel-cobalt alloys with molybdenum, titanium and aluminum additions 
[1,2], commonly used in aerospace and nuclear technologies [2-4], The lath martensite of 
maraging steels formed during quenching has a supersaturated matrix of alloying elements 
containing high density of crystalline defects, mainly dislocations [2], 
Previous works showed that the precipitation in maraging steels is a complex phase 
transformation, involving the formation of several intermetallic phases during aging [5,6], At 
temperatures below 450 °C, S, and X phases are formed, while at temperatures above 450 °C, 
Ni3(Ti,Mo) and Fe2Mo are formed [5,6], At even larger temperatures, e.g., above 500 °C, both 
Ni3(Ti,Mo) dissolution and Fe2Mo precipitation causes austenite nucleation owing to nickel 
enrichment of the matrix [7-9], 
Age hardening of maraging steels has been studied by several authors [10-15], These studies 
showed that maraging steels have a one-peak typical age hardening curve: a strengthening stage 
and a softening one [10-13], Strengthening is attributed to the precipitation hardening caused by 
ordered phases, coherent with the matrix [4,9-12], while softening is due to a change in the 
precipitation hardening mechanism (Orowan mechanism) or to the martensite to austenite 
reversion [8,11,12], In the present work, the models commonly applied to the age hardening of 
maraging steels are used to describe the experimental results obtained during the age hardening 
of a maraging steel 350 in the 480-600 °C range. 
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Materials and Methods 

Samples were prepared by cutting disks of 10 mm thickness from 350 maraging steel bars of 
140-mm diameter, supplied in the solution annealed condition. The chemical composition of the 
bars is given in Table 1. 

Table 1: Chemical composition (% wt) of the 350 maraging steel bars. 
Ni Co Mo Ti Al S* C* O* N* 

18.16 11.92 4.81 1.22 0.074 30 30 8 2.0 
*in ppm 

This disk was cut into samples of approximately 5 mm x 10 mm x 10 mm for aging experiments. 
Each sample was aged at 480, 520, 560, and 600 °C for different times from 0.1 to 18 hours in a 
muffle furnace. Furthermore, Vickers hardness measurements were carried out using a Zwick 
hardness tester with a 1 kgf load and dwell time of 20s. Fifteen measurements were made in each 
sample. 

Results and Discussion 

Figures 1 and 2 show the hardness of the sample as a function of time, illustrating the kinetics of 
aging at 480, 520, 560 and 600 °C. The time to the hardness peak depends on the aging 
temperature. Pardal et al. and Viswanathan et al. observed that this time depends on thermally 
activated processes in maraging steels and follows an Arrhenius model [11,14], 

Figure 1: Kinetics of aging at 480 and 520 °C. 
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Figure 2: Kinetics of aging at 560 and 600 °C. 

Wilson proposed a model for the early stage of aging based on the JMAK model and on the 
strengthening due to shearing of precipitates by dislocations [12,13], which is described by the 
following equation: 

AH = (kt)n (1) 

where AH is the increment of hardness, and k and n are temperature-dependent constants. In 
1962, Floreen and Decker also proposed a similar equation for the variation in hardness with 
aging time using an empirical aproach [15]. Constants k and n were calculated by fitting Eq. (1) 
to the experimental results given in Figures 1 and 2. Their values for different temperatures and 
time ranges are presented in Table 2. The resulting model curves are shown in Figure 3, 
compared with the experimental results. 
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Figure 3: Hardening model curves based on the JMAK equation and experimental results (dots) 
for the samples aging at 480, 520, and 560 °C. 

Table 2: Values of n and k constants of the hardening model based on the JMAK equation 
obtained in the present work (350 maraging steel) and those presented by Pardal et al. [11] and 

Sha [12] (300 maraging steel). The correlation coefficient of the fitting, R, is also gi ven. 
Reference Temperature (°C) Time range n K ( h ' ) R 

Pardal etal. [11] 440 0.25 h - 1 0 h 0.20 + 0.02 1.3 x 1011 0.97 
Pardal et al. [11] 480 0.25 h - 2 . 0 h 0.20 + 0.01 5.0 x 10u 0.99 

This work 480 0.1 h - 0.75 h 0.49 + 0.03 1.5 x 105 0.99 
This work 480 0.75 h - 1 0 h 0.14 + 0.01 1.4 x 1018 0.99 

Pardal etal. [11] 510 0.25 h - 2 . 0 h 0.21+0.02 3.9 x 1011 0.99 
Sha [12] 510 160 s - 2 5 min 0.29 3.1 x 10s 0.95* 

This work 520 0.1 h - 1 h 0.37 + 0.03 1.2 x 107 0.98 
Pardal etal.[11] 560 0.25 h - 0 . 7 5 h 0.16 + 0.01 1.7 x 1015 0.99 

This work 560 0.1 h - 0.4 h 0 .21+0.03 5.6 x 1012 0.99 

Visual examination of the fitting in Figure 3 and the correlation coefficient, R, in Table 2 show 
that the model based on JMAK for the early aging stages has good fitting with the experimental 
data between 480 and 560 °C. However, it was observed in Figure 3 that the precipitation 
behavior at 480°C should be divided into two stages, which is probably a result of the formation 
of several intermetallic phases at different times during the aging period [5], 
The n values obtained in this work for the temperature of 480 °C were 0.49 ± 0.03 in the first 
stage and 0.14 ± 0.01 in the second stage. Pardal et al. suggested that this behavior can occur in a 
maraging steel 300 at 440 °C, where the parameter n for the first and the second stages were 0.29 
± 0.01 and 0.12 ± 0.01, respectively [11], Table 2 also shows that the k and n values presented by 
Sha to describe the aging of the 300 maraging steel at 520 °C agree more closely than those 
suggested by Pardal et al. [11,12], In addition, n > 0.25 was observed for aging times shorter 
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than approximately 1 h at 480 and 520 °C, while n < 0.25 was verified for aging times longer 
than 1 h at 480 °C, 520 °C or 560 °C. 
Wilson also designed an equation for overaging based on the Orowan mechanism expressed by 
[12-14]: 

AH-3 = AHo"3 + M.(t-to) (2) 

where AH is the diference between the hardness of the overaged sample and the solution 
annealed one, M is the temperature-dependent rate constant, t0 is the time at peak hardness, and 
AHo is the increment in hardness at the beginning of coarsening time t0. Figure 4 shows the 
curves calculated with Eq. (2), compared with the experimental results of AH 3 as a function of 
aging time at 520, 560, and 600 °C. In Table 3, the fitting coefficients M and AHo obtained in the 
present work (350 maraging steel ) are also compared with those presented by Pardal et al. for a 
300 maraging steel. 

Figure 4: Curves calculated using an Orowan-mechanism based model compared with 
experimental results (dots) of AH 3 as a function of time for the softening during overaging at 

520, 560, and 600 °C. 

Table 3: Comparison of the AHo, to, and M values of the softening model based on the Orowan 
mechanism obtained in the present work (350 maraging steel) and those presented by Pardal et 

al. (300 maraging steel) [11] at 520, 560 and 600 °C. The correlation coefficient, R, of the fitting 
process is also given. 

Reference Temperature (°C) M AHo to (h) R 
This work 520 4.32 x 10"" 344 + 20 0.75 0.96 

Pardal et al. [11] 
560 4.57 x 10"9 253 0.75 0.99 

This work 560 1.55 x 10"8 255 + 16 0.4 0.97 
Pardal et al. [11] 600 1.30 x 10"8 184 0.2 0.91 

This work 600 9.61 x 10"8 1 2 0 + 1 1 0.2 0.87 
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The model based on the Orowan mechanism agrees well with experimental results at 520 and 
560 Furthermore, the fitting at 600 °C is worse, which might be a result of the reversion of 
martensite, which occurs more expressively when the aging temperature increases [9,11], 
Pardal et al. also proposed the following empirical model to describe the change in hardness with 
aging time during overaging: 

H = Hi.tp (3) 

where H is the hardness value, t is the aging time, Hi is the hardness value at t = 1 h and p is the 
time exponent. Figure 5 shows the fit of the Pardal model to the experimental results of the 350 
maraging steel, while Table 4 gives a comparison between the fitting constants Hi and p, 
indicating that Pardal model has good fitting at 520, 560, and 600 °C. The fitting is better than 
that for the model based on the Orowan mechanism at 600 °C. 

in t 

Figure 5: Pardal model for softening during overaging at 520, 560 and 600 °C. 

Table 4: Comparison of the p and Hi values of the Pardal model for different maraging steels 
at 520, 560, 600 and 650 °C. 

Reference Temperature (°C) P Hi R 
This work 520 -0.070 710 + 9 0.97 

Pardal etal.[ 11] 
(maraging 300) 

This work 
(maraging 350) 

560 

560 

-0.053 

-0.073 

594.3 

613 + 7 

0.99 

0.96 

Pardal etal.[ 11] 
(maraging 300) 

This work 
(maraging 350) 

600 

600 

-0.054 

-0.034 

523.3 

476 + 4 

0.99 

0.94 

Pardal et al. [11] 
(maraging 300) 650 -0.061 428.8 0.99 
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Conclusion 

From the above observations and analysis, we concluded that: 

1) The results indicated that hardness measurements can be very helpful to study age hardening 
behavior in maraging steels. 

2) The results showed that the model based on JMAK for the early aging stages agrees well with 
experimental data in the range between 480 and 560 °C. At 480 °C, precipitation seems to occur 
in two stages. 

3) The Pardal model and the model based on the Orowan mechanism show good fitting to 
experimental results during aging at 520 and 560 °C, but better agreement is observed with 
Pardal model at 600 °C. This behavior is probably due to the reversion of martensite, which is 
significant when the temperature increases. 

Acknowledgements 

The authors are grateful to the University of Sao Paulo for providing the experimental facilities, 
to CTMSP for the materials and to CNPq for the financial support. 

References 

[1] M. N. Rao, "Progress in understanding the metallurgy of 18% nickel maraging steels", 
International Journal of Materials Research, 97 (11) (2006), 1594-1607. 
[2] M. Schmidt, K. Rohrbach. "Heat treatment of maraging steels". Metals Handbook, vol. 1 
(Materials Park: ASM International, 1990), 219-228. 
[3] G. S. Avadhani, "Optimization of process parameters for manufacturing of rocket casings: A 
study using processing maps", Journal of Materials Engineering and Performance, 12 (6) 
(2003), 609-622. 
[4] L.G.de Carvalho, M. S. Andrade, R. L. Plaut, A. F. Padilha," A dilatometric study of the 
phase transformations in 300 and 350 maraging steels during continuous heating rates", 
Materials Research, 16 (4) (2013), 740-744. 
[5] R. Tewari, S. Mazumder, I. S. Batra, G. K. Dey, S.Banerjee. "Precipitation in 18wt% Ni 
maraging steel of grade 350", Acta Materalia, 48 (2000), 1187-1200. 
[6] W. Sha, A. Cerezo, G. D. Smith. "Phase chemistry and precipitation reactions in maraging 
steels: Part IV. Discussion and Conclusions", Metallurgical Transactions A, 24 (1993), 1251-
1256. 
[7] X. Li, Z. Yin, "Reverted austenite during aging in 18Ni (350) maraging steel", Materials 
Letters, 24 (4) (1995), 239-242. 
[8] U. K. Viswanathan, G. K. Dey, V. Sethumandhavan, "Effects of austenite reversion during 
overageing on the mechanical properties of 18Ni (350) maraging steel", Materials Science and 
Engineering A, 398 (2005), 367-372. 
[9] J. M. Pardal, S. S. M. Tavares, M. P. C. Fonseca, H. F. G. Abreu, J. J. M. Silva, " Study of 
the austenite quantification by X-ray diffraction in the 18Ni-Co-Mo-Ti maraging 300 steel", 
Journal of Materials Science, 41 (2006), 2301-2307. 
[10] Z. Guo, W. Sha, "Quantification of precipitation hardening and evolution of precipitates", 
Materials Transactions, 43 (2002), 1273-1282. 

9 



[11] J. M. Pardal, S. S. M. Tavares, V. F Terra, M. R. da Silva, D. R. dos Santos, "Modelling of 
precipitation hardening during the aging and overaging of 18Ni-Co-Mo-Ti maraging 300 steel", 
Journal of Alloys and Compounds, 393 (2005), 109-113. 
[12] W. Sha, "Quantification of age hardening in maraging steels and an Ni-base superalloy", 
ScriptaMaterialia, 42 (2000), 549-553. 
[13] E. A. Wilson, "Quantification of age hardening in an Fe-12Ni-6Mn alloy", Scripta 
Materialia, 36 (1997), 1179-1185. 
[14] U. K Viswanathan, G. K. Dey, M. K. Asundi, "Precipitation hardening in 350 grade 
maraging s teelMetal lurgical Transactions A, 24 (1993), 2429-2442. 
[15] S. Floreen, R. F. Decker, "Heat treatment of 18% Ni maraging steel", Transaction of the 
American Society for Metals, 55 (1962), 58-76. 

10 



Characterization 
of Minerals, Metals, 
and Materials 2015 

Characterization of 
Welding and Solidification 

Session Chairs: 
Pasquale Russo Spena 

Dhriti Bhattacharyya 





Characterization of Minerals, Metals, and Materials 2015 
Edited by: John S. Carpenter, Chenguang Bai, Juan Pablo Escobedo, Jiann-Yang Hwang, Shadia Ikhmayies, 

BowenLi, JianLi, Sergio Neves Monteiro, Zhiwei Peng, and Mingming Zhang 
TMS (The Minerals, Metals & Materials Society), 2015 

LASER WELDING BETWEEN TWIP STEELS AND AUTOMOTIVE 
HIGH-STRENGTH STEELS 

Pasquale Russo Spena1, Matteo Rossini1, Luca Cortese1, Paolo Matteis2, Giorgio Scavino2, 
Donato Firrao2 

^ree University of Bozen-Bolzano, Faculty of Science and Technology; 
Piazza Università 5; Bolzano, 39100, Italy 

Politecnico di Torino, Department of Applied Science and Technology; 
Corso Duca degli Abruzzi 24; Torino, 10129, Italy 

Keywords: high strength steels, laser welding, dissimilar steel joining, microstructure, 
mechanical properties, fracture 

Abstract 

Car-bodies are increasingly made with advanced high-strength steels in order to reduce weight 
and improve passenger safety. High-manganese austenitic steels have been recently proposed for 
such an application, due to their excellent combination of strength and toughness. However, a 
widespread usage of these steels in the automotive industry is conditional on the development of 
effective welding methods to join high-Mn steels with other steel grades employed for adjacent 
car-body parts. Therefore, dissimilar laser welding, without any filler metal, between a high-Mn 
austenitic sheet steel and some high strength steel grades, frequently employed in the fabrication 
of car body parts, are examined here. The weldments are characterized by means of 
metallography, tensile and microhardness tests. Fractographic examination was carried out on 
the fracture surfaces of the tensile samples. 

Introduction 

In recent years, automotive manufacturers are coping with environmental pollution and more 
restrictive environmental regulations. To tackle both these issues, car makers are increasingly 
employing advanced high strength steels (AHSS) and high strength steels (HSS) to reduce 
vehicles weight and, hence, fuel consumption. Currently, AHSS and HSS mainly comprise Dual 
Phase (DP), TRansformation Induced Plasticity (TRIP), and hot stamping boron steel grades. 
They are used for the fabrication of components obtained by sheet forming, such as B-pillar, 
reinforcement and bumper bars. 
Research activity is mainly focused on the development of new AHSS with improved 
mechanical strength with the preservation, or improvement, of ductility [1-3]. The increase in 
strength enables car manufacturers to reduce the overall weight of vehicles, whereas improved 
ductility enhances crashworthiness capability. New high manganese AHSS (Mn usually ranges 
from 15 to 25 wt. %), known as TWIP, have been recently proposed for the fabrication of car 
body-in-white, due to their excellent combination of strength and ductility. These steels exhibit a 
remarkable combination of mechanical strength and ductility because of the formation of 
mechanical twins during plastic deformation. Mechanical twins are responsible for high strain 
hardening, thus preventing necking and maintaining a very high strain capacity. Tensile strengths 
higher than 1000 MPa and elongation at fractures larger than 50% are usually obtained [4-5], 
A widespread usage of TWIP steels in automotive industry is conditional on proper welding 
operation to assemble car body components. The mechanical properties and ductility of 
dissimilar welded steel sheet depend considerably on the heating, melting, and solidification 
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stages during the welding process. Therefore, welding input parameters play a very significant 
role in integrity and quality of a weld joint [6-9], Studies concerning arc welding of TWIP steel 
grades with other HSS and AHSS have shown that the significant thermal energy involved in the 
welding process badly influence the joint quality. Indeed, welding cracks, significant chemical 
segregations in the fusion zone, and poor mechanical properties are usually found in weld seams 
[7, 10-11], The use of proper metal fillers (usually austenitic steel grades) are recommended to 
avoid the formation of extensive regions of hard and brittle martensite in the fusion zone, and to 
promote, instead, the formation of a ductile austenitic microstructure [7], The use of laser 
welding, which notably reduces the thermal energy involved in the welding process, might 
reduce the occurrence of the abovementioned issues. 
Therefore, in the framework of a large campaign on the introduction of advanced high strength 
steels in car body design and fabrication, it was decided to investigate the mechanical response 
of dissimilar butt joints between high carbon TWIP steels and commercial hot stamping boron 
(22MnB5) steels, DP and TRIP steels, obtained by Nd-YAG laser welding. Dissimilar butt joints 
between the DP steel and 22MnB5 or TRIP steels have also been examined for comparison. 
Optical microscopy and Vickers microhardness measurements have been also used to detect the 
metallurgical constituents of the microstructures encountered in the fusion zone, the heat affected 
zone (HAZ), and the base material. Thereafter, a series of tensile specimens, cut perpendicularly 
to the welding line, have been mechanically tested, their rupture surfaces being thereafter 
subjected to fractographic SEM examination. 

Materials and experimental procedure 

TWIP steel is a Fe-C-Mn alloy produced on industrial scale by continuous casting, hot and cold 
rolling, and continuous annealing. The employed sheets were 1.6 (±0.05) mm thick. Hot 
stamping 22MnB5 steel sheets were received in the as-fabricated condition, i.e. with a ferritic-
pearlitic microstructure, as a 1.5 (±0.05) mm thick sheet; they were heat treated before welding 
in order to simulate industrial hot-stamping. To do this, the sheets were austenitized at 900 °C 
for 4 min and then press quenched to room temperature in a mold with flat faces. The DP and the 
TRIP steel consisted of commercial metal sheets with a thickness of 0.8 and 1.1 (±0.05) mm, 
respectively. The examined steels chemical composition is listed in Table 1. 

Table I. Chemical composition (wt. %) of the examined steels. P±S<0.03% in all cases. 
Steel C Si Mil Cr Mo A1 Ti B 
TWIP 0.66 0.20 23.4 0.13 0.12 0.038 - 0.0021 

22MnB5 0.25 0.23 1.30 0.13 - 0.036 0.039 0.0047 
DP 0.09 0.21 1.65 0.43 - 0.030 0.003 -

TRIP 0.23 1.50 1.90 0.03 0.01 0.052 0.007 0.0022 

Dissimilar butt-joints of TWIP steels with the other steel grades, i.e. TWIP/DP, TWIP/22MnB, 
TWIP/TRIP combination, were produced by laser welding using an anthropomorphic industrial 
robot. TWIP/TWIP joints and dissimilar butt-joints DP/TRIP and DP/22MnB5 were produced by 
the same welding process for comparison. During welding the sheet edges were in direct contact 
and the sheet faces were aligned on the side opposite to the welding torch. A shielding gas 
(nitrogen), which flowed coaxially in the welding torch with a flow of 10 1/s, was used to protect 
the weld seams from environmental contaminants. During the welding tests, the laser power 
ranged from 1.25 to 1.5 kW (depending on the sheets thicknesses), the laser torch speed was 25 
mm/s, and the focus of the laser beam was 1 mm above the surface of the sheets. No filler metal 
was used during the welding operations. Full weld penetration was achieved in all cases. 
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Optical microscopy was performed on metallographic cross-section of the welded joints, after 
nital etching. Microhardness line profiles were carried out on the same samples, with 100 g load, 
perpendicularly to the weld seam, in order to evaluate the mechanical inhomogeneity arising 
from the microstructures occurring after the welding process. Flat tensile specimens, cut in the 
direction perpendicular to the weld seams, were tested by a servohydraulic testing system under 
0.2 mm/s actuator displacement control. Ultimate tensile strength was calculated by considering 
either the original cross section of the fracture region, or the average cross section of the two 
sides if the fracture occurred in the weld seam. Elongation to fracture was calculated by 
considering the actuator displacement and the estimated length of the deformed region (120 
mm). The fracture surfaces were then examined by optical and scanning electron microscopy. 

Results and discussion 

Microstructure 

The TWIP steel exhibits a fully austenitic microstructure with a homogeneous 5 ¡im grain size, 
(Figure 1). The 22MnB5 steel exhibits a homogenous martensitic microstructure, which is 
consistent with the prior laboratory heat treatment. The DP steel shows the typical ferrite-
martensite microstructure; the martensite is homogeneously distributed in the ferrite matrix with 
about 15% volume fraction. The TRIP steel exhibits a ferrite-martensite-austenite microstructure. 

Figure 1. Microstructure of the TWIP, DP, and TRIP steels in the as-received conditions, and of 
the 22MnB5 steel after the laboratory heat treatment. 

The microstructure of the TWIP/TWIP joint does not change after the welding process; it always 
consists of an austenitic phase both in the fusion zone and the HAZ. The microstructure exhibits 
a dendritic morphology in the fusion zone, and grain coarsening in the HAZ. No microstructural 
changes can be revealed beyond 0.1 mm from the border of the fusion zone. 
The microstructure of the fusion zone of all dissimilar joints mainly consists of martensite, 
Figure 2. 
Regardless of the type of dissimilar joint, the microstructure of the HAZ of the 22MnB5, DP, 
and TRIP steels are similar and are described hereafter. Close to the fusion zone, where the steel 
was fully austenitized during the welding process, the microstructure is completely martensitic, 
(Figure 3). Further away, the amount of martensite decreases and ferrite zones appear due to the 
lower cooling rates. Finally, in the HAZ region close to the base metal, which was not 
austenitized during the welding process, the original martensite underwent a subcritical 
tempering, and the original austenite in the TRIP steels transformed into martensite. 
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Figure 2. Mierostrueture of the fusion zone of the TWIP/DP (a) and DP/TRIP (b) joints. 

Figure 3. Mierostrueture of the HAZ of the 22MnB5, DP and TRIP steels, adjacent to the fusion 
zone of dissimilar TWIP welded joints. 

Microhardness 

The microhardness line profiles, through selected weld seams, are shown in Figure 4. The 
Vickers hardness of TWIP steel is about 250 HV30 due to the fully austenitic mierostrueture. 
The hardness of the 22MnB5 is 480 HV30, which is attributed to the preliminary press 
quenching that promotes the formation of a fully martensitic mierostrueture. DP and TRIP steels 
exhibit a hardness around 260 and 240 HV30, respectively. Regardless of the dissimilar welding 
counterpart, the HAZ of the TWIP steel exhibits a microhardness slightly lower than the base 
material (about 230 HV0.1), due to the softening and coarsening of the austenitic grains during 
the welding process. Regardless of the type of dissimilar joint, the fusion zone of the weldments 
exhibits a hardness always higher than 400 HV0.1, which is attributed to the fully martensite 
mierostrueture present in this region; in particular, the maximum hardness is found in the fusion 
zone of dissimilar joints between the TWIP steel and one low-alloy steel, probably due to the 
higher carbon content of the TWIP steel.. Overall, the DP side exhibits in the HAZ a maximum 
hardness of about 435 HV0.1 close to the fusion zone, which is attributed to a full austenitization 
of the steel followed by the martensitic transformation. Moving away from the fusion zone, the 
hardness gradually reduces up to that of the base material. A similar trend of the hardness profile 
is obtained in the TRIP side, due to the similar mierostrueture (except for the occurrence of small 
amount of austenite) and metallurgical phase transformation that occurred during the welding 
process. 
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Figure 4. Viekers mierohardness profile across the weldments. 

The softening of the microstructure of the DP and TRIP steel in the HAZ close to the base 
material is attributed to the subcritical tempering of the original martensitic microstructure. At 
the 22MnB5 side in DP/22MnB5 joints, the HAZ consists of fully martensite close to the fusion 
zone, and of tempered martensite close to the base material. The extension of the tempered 
martensite region is more pronounced in the 22MnB5 steel in respect to the DP and TRIP steel, 
which is due to the larger amount of martensite in the initial microstructures. 

Tensile tests 

Results of the tensile tests carried out on the specimens before and after the laser welding are 
listed in Table II. 

Table II. Tensile properties of the examined steels and welded joints, and fracture region of the 
welded joints. The UTS was calculated from the mean sheet thickness if the fracture was in the 
Fusion Zone (FZ), and from the thickness of the fracture region otherwise. 

Steel YS [MPa] UTS [MPa] ef [%] Fracture region 
TWIP 460 1005 45 -

22MnB5 1050 1440 5 -

DP 470 690 19 -

TRIP 455 860 26 -

TWIP/TWIP - 850 25 FZ 
TWIP/22MnB5 - 620 3 FZ 

TWIP/DP - 410 0.5 FZ 
TWIP/TRIP - 500 1 FZ 
DP/22MnB5 - 875 18 DP side 

DP/TRIP - 850 22 DP side 

Unwelded TWIP steel exhibits a yield stress similar to the DP and TRIP steels, even though the 
tensile strength and the elongation to fracture are much larger. The 22MnB5 steel shows the 
highest yield stress and tensile strength, but the lowest elongation to fracture. 
Regardless of the nature of the steels, the yield point of the welded samples was triggered by the 
sheet side that first reached yield strength, as the weld seams were more resistant. 
The dissimilar butt joints of the TWIP steel failed along the weld seam exhibiting poor 
mechanical properties. Indeed, the latter joints experienced very low plastic deformations (less 
than 3%) and notably lower ultimate tensile strengths in respect to the parent steels. This clearly 
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indicates that the mechanical behavior of these welded joints is mainly affected by the 
microstructure of the fusion zone, which consists of martensite. 
The butt joint TWIP/TWIP steel also failed in the fusion zone; however, the reduction in tensile 
strength is more limited (about 15%) in respect to the parent steel, whereas it is more pronounced 
for ductility (the elongation at fracture is down by about half). 
The DP/22MnB5 and DP/TRIP welded joints failed at the DP side and exhibited similar tensile 
strengths and elongation at fractures. This is consistent with the fact that the tensile properties 
and plastic deformation of these welded joints are mainly triggered by yielding of the DP steel 
due to its lower tensile strength and sheet thickness in respect to the 22MnB5 and TRIP steel 
sheets. 

Fractography 

All the steels in the original condition mainly exhibit ductile fractures with the occurrence of 
dimples (Figure 5). In particular, the TWIP steel exhibits a bimodal distribution of the dimples, 
which can be attributed to the concomitance of several causes: i) mechanical twinning occurring 
during plastic deformation, as reported for other metal alloys [13]; ii) segregation lines of Mn 
and C elements; iii) orientation of the grains along the rolling direction. 

Figure 5. Fracture surfaces of the TWIP and DP steels in the as-received conditions, and of the 
22MnB5 after the laboratory heat treatment. 

The fracture of the TWIP/TWIP tensile specimens occurs in the fusion zone of the weld seam. 
The fracture surfaces are fully ductile, Figure 6(a), with the occurrence of dimples (Figure 6(b)). 
In this case, the morphology of the dimples is different in respect to those obtained in the TWIP 
steel in the as-fabricated condition; indeed, the bimodal distribution is absent and dimple depth is 
less pronounced than in the as-fabricated case, as in the case of constrained ductility. 
The fracture of tensile specimens of the dissimilar joints of the TWIP steel always occurs in the 
fusion zone of the weldments. They exhibit a brittle appearance at microscopic scale, Figure 7, 
with the occurrence of intergranular decohesion among apparent grains boundaries (which may 
be prior austenite boundaries). This is consistent with the poor elongation at fractures of the 
corresponding tensile samples. Dimples are quite rare; they are a bit more numerous in the 
TWIP/22MnB5 joints (which also exhibit the higher elongation at fracture in respect to 
TWIP/DP and TWIP/TRIP joints). As stated by Mujica et al. [12], the high manganese content of 
TWIP steel is responsible for Mn chemical segregation during solidification of the weld seam. 
This may be the cause of the intergranular fractures encountered in the dissimilar welded joints 
of the TWIP steel. 
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Figure 6. Fracture surfaces of the butt joint TWIP/TWIP in the weld seam: (a) macroscopic and 
(b) microscopic views. 

Figure 7. Fracture surfaces of the TWIP/22MnB, TWIP/DP, and TWIP/TRIP joints. Fractures in 
the fusion zone of the weldments. 

Conclusions 

Regardless of the type of joint, the HAZ of TWIP steel consists of slightly enlarged austenitic 
grains, of the order of 10 ¡im (the initial grain size was around 5 ¡im), whereas phase 
transformations occur in the HAZ of the 22MnB5, DP, TRIP steels. Fully martensitic 
microstructures occurs in the HAZ of the 22MnB5, DP, TRIP steels close to the fusion zone. A 
wider HAZ was identified in 22MnB5 steel in respect with the HAZ occurring in the welded 
joints of TWIP, DP, TRIP steels. Furthermore, the difference between the maximum and 
minimum hardness in 22MnB5 is higher than those in the TRIP and DP parts; however, the 
original hardness of the 22MnB5 steel is much higher than that of TRIP and DP steels. This is 
attributed to the lower carbon content of the latter steels, and to the tempering of the fully 
martensitic microstructure of the 22MnB steel during the welding operation; on the contrary, 
tempering affects only the limited amount of martensite which is present in the TRIP and DP 
steels, but not the ferrite. At all the welded joints of the TWIP steel, regardless of the other steel, 
the fracture surface of the welded tensile specimens occurs in the fusion zone of the weldments. 
The weldments of the TWIP/TWIP samples exhibit an austenitic microstructure with rather good 
mechanical properties, the fracture surface being ductile. The other weldment combinations 
(with the TWIP steel), instead, show low tensile strength and ductility, which is attributed to the 
formation of martensite in the fusion zone. In the dissimilar weldments of the DP steels with the 
other low-alloy steels, the fractures occur in the DP side due to its lower tensile strength and 
smaller resistance cross section in respect to the 22MnB5 and TRIP steels. 
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As reported in previous studies concerning dissimilar arc welding of TWIP steels, also the laser 
welding of TWIP steel with low carbon steels (alloyed and not) is not recommended without the 
use of the proper filler metal to avoid the formation of brittle martensite within the fusion zone. 
In particular, the ultimate tensile strength after laser welding of the TWIP/22MnB5 was about 
20-30% lower than the one previously found after MAG welding [10]. 
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Abstract 

Impulse Atomization (IA) (a single fluid atomization technique) was used to rapidly solidify Al-
4.5wt%Cu and Al-4.5wt%Cu-0.4wt%Sc under argon atmosphere. In addition to the IA-generated 
droplets, the same technique was used to produce strips by Spray Deposition (SD) of the same 
alloys on a copper substrate with and without oil coating. The rapid solidification microstructures 
were analyzed using Scanning Electron Mcroscopy (SEM). From the SEM images, the amount 
of eutectic and the secondary dendrite arm spacing (SDAS) were measured. These SDAS results 
lead to the estimation of cooling rate. The eutectic fraction coupled with the metastable extension 
of the solidus and liquidus lines of Al-Cu (Sc) phase diagram lead to the estimation of primary 
and eutectic undercoolings. A comparison of the solidification path of the droplets and the strips 
was done as well as the analysis of the effects of scandium. 

Introduction 

Mechanical properties of industrial products are highly influenced by their solidification 
microstructures. Variation of solidification conditions, such as undercooling or cooling rate, 
gives the possibility to control size and morphology of the solidification microstructures which 
may substantially influence the physical and chemical properties of metallic alloys. High 
nucleation-undercooling results in rapid solidification and yields materials with improved 
mechanical properties [1], Rapid solidification resulting in reduced microsegregation is quite 
often accompanied by the formation of a broad range of metastable microstructures and different 
phases. 

To promote a high level of undercooling prior to solidification, it is necessary to minimize the 
nucleation potential of the melt. Knowing that nucleation could be triggered by impurities or the 
melt container walls, containerless solidification techniques have been developed [2], These 
include Impulse Atomization (IA) and Spray Deposition (SD) which refer to the disintegration of 
a bulk liquid material into droplets in a spray chamber filled with gas [3], This provides not only 
the containerless solidification advantages but also the isolation of potential nucleation sites into 
small fraction of droplets populations by disintegrating the bulk liquid into droplets. Thus, the 
probability to reach a high level of undercooling increases so that the atomized droplets solidify 
rapidly into powders or form a strip after landing on a substrate [3], 
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Aluminum alloys are widely used in automobile and aerospace industries due to their low 
thermal coefficient of expansion, high corrosion resistance and high strength to weight ratio. The 
addition of transition metals (TM), such as Cu or Sc, in Al-based alloys results in the formation 
of supersaturated solid solution during solidification. High cooling rate and high nucleation 
undercooling induced rapid solidification increases substantially the solubility of transition 
metals in solid aluminum. The development of metallurgical methods such as IA which involves 
high cooling rate and undercooling has led to a large number of investigations into Al-TM alloys. 
Al-Cu is one of the most widely used base alloys due to the relevant high age hardening effect of 
Cu. The addition of Scandium in Al-alloys not only promotes age hardening through the 
precipitation of finely dispersed Al3Sc particles that can tightly pin up the grain boundaries and 
dislocations, but also yields good grain refining in binary aluminum alloys [4], 

This paper reports on the study of rapidly solidified Al-4.5wt% Cu and Al-4.5wt% Cu-0.4wt% 
Sc droplets and spray formed strips generated by IA. The solidification paths of the two alloys 
are investigated under metastable solidification generated by IA and SD. Cooling rates have been 
estimated based on the measured Secondary Dendrite Arms Spacing (SDAS).The eutectic 
fractions have been measured and a microsegregation model has then been used to estimate the 
dendritic and eutectic nucleation undercoolings. For these investigations, different analytical 
tools have been used; these include Differential Scanning Calorimetry (DSC), X-Ray Diffraction 
(XRD), Scanning Electron Microscopy (SEM), Point-located Energy Dispersive X-ray 
spectroscopy (EDX) and Vickers microhardness tests. 

Experimental 

Impulse Atomization (IA) and Spray Deposition (SD) 

Al-4.5wt% Cu and Al-4.5wt% Cu-0.4wt% Sc in the form of granules were prepared by Novelis 
from a 99.99 % pure A1 element. Prior to atomization, the granules were melted at 850°C in a 
graphite crucible by induction heat in argon atmosphere. The melt was subsequently impulse 
atomized into droplets through a graphite plate with 37 nozzles of 250 (im hole size that was 
glued at the bottom of the crucible. The droplets rapidly solidified by losing heat to the stagnant 
argon atmosphere while falling through a 4 meters altitude chamber and were collected in a 
beaker filled with oil. The droplets were then washed, dried and sieved into different sizes 
ranging from 212 to 1000 (im. 

During spray deposition, (SD) the atomized droplets were partially molten when they landed and 
formed a 50 mm wide and 5 mm thick, coherent and dense deposit on a 3 mm thick moving 
(0.038ms"1) copper substrate (heated up to 100 °C) at a distance of 40 cm from the nozzle plate. 
A schematic description of the SD experimental setup is given in Figure 1. 
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Figure 1(a) Schematic of the Spray Deposition (SD) setup (b) image of a 
SD of Al-4.5wt% Cu 

Results 

Measurement of cell spacing 

Secondary dendrite arms spacing (SDAS) were approximated by the cell spacing (center-to-
center distance between two cells) using lines intercepts method; measurements of cell spacing 
were performed on the micrographs obtained by SEM-BSE (Figure 2). 

Figure 2. Typical microstructures obtained by SEM (BSE) images of 
samples rapidly solidified by Impulse atomization under argon (a) IA-
0.4wt%Sc of average size 350(im (b) SD-0.4wt%Sc. 
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Variation of cell spacing with solidification parameters 

Cell spacing variation over the range of particles size and cooling rates investigated for both Al-
4.5wt% Cu (IA-0.0wt%Sc) and Al-4.5wtCu-0.4wt% Sc (IA-0.4wt%Sc) produced by impulse 
atomization are presented in Figure 3. 

Figure 3 Variations of average cell spacing with average droplet size and 
cooling rate respectively (a) IA droplets under argon (b) IA droplets and 
SD on a copper substrate both under argon. 

Cell spacing values for IA-0.0wt%Sc and IA-0.4wt%Sc are compared with published data for 
Al-4.5wt% Cu with A1 purity of 99.9 % [5, 6], Figure 3a shows that there is a good agreement 
with the above mentioned published results. The cell spacing decreases from 12|im to 6|im as 
the droplet size increases from 212 (im to 1000 [im. The average cell spacing is approximately 
the same for both IA-0.0wt%Sc and IA-0.4wt% Sc for the same droplet sizes. Hence, Sc has no 
significant refining effect on the rapidly solidified droplets within the investigated range of 
droplet sizes. 

Cooling rates corresponding to each droplet and SD cross-section (cut-offs of each deposit at the 
center where the thickness is the most homogeneous) has been estimated using the empirical 
expression of the secondary dendrite arm spacing X2(Eq.l)of A1 - 4wt% Cu powder produced 
by close coupled gas atomization [7]: 

A2=B(ty" (1) 

Where T is the cooling rate, B=58.7, a parameter depending upon the Cu concentration of the 
alloy and the exponent n = 0.355 [8], 

Figure 3b shows the variation of cell spacing for both IA droplets and SD. As expected, the 
average cell spacing decreases as the cooling rate increases. It is worth noting that average cell 
spacing for SD microstructures are much larger as compared to the IA droplets average cell 
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spacing. This is due to the fact that IA droplets fully solidify by losing heat to the stagnant argon 
atmosphere without any significant increase of temperature of the latter (40 °C). In contrast, 
during SD, the partially solidified droplets land on a copper substrate to which they lose heat. 
Indeed, prior to atomization, the substrate is heated up (100 °C) to minimize porosity at the 
interface between substrate and deposit. Also, subsequent mushy droplets will fall onto prior 
mushy droplets forming a deposit of up to 5mm in thickness. The solidification of such a thick 
deposit will clearly be slower than that for micron sized droplets solidifying in a gas. Therefore 
the resultant average cell spacing in the deposit is larger than IA droplets average cell spacing. 
Cooling rate variation across the SD sample cross-section from bottom (sample-substrate 
interface) to top (sample-atmosphere interface) is shown in Figure 4a. It is clear that the cooling 
rate at the bottom of the deposit (in contact with the Cu Substrate) is the highest due to the fact 
that copper substrate has a higher thermal conductivity, (400 w/ mK) as compared to argon 
(0.014 w/mK); hence the cooling rate at the top is lower; the middle part has the lowest cooling 
rate due to the fact that in the middle position, the heat is not directly transferred to the 
surrounding argon or the copper substrate, it has to transfer through top and bottom of the strip 
first; Therefore, the heat transfer rate from the middle of the deposit is the lowest and so is the 
cooling rate. For the same sample composition, the oil-coated substrate gives a higher cooling 
rate (IA-0.0wt%Sc (a)) as compared to the non-coated substrate (IA-0.0wt%Sc (b)) as oil 
provides a better contact between the deposit and the substrate. However, alloy composition has 
no visible effect on the cooling rate. 

Figure 4. Cooling rate and weight percent eutectic at different positions of 
the SD cross sections compared with IA-droplets of equivalent size and 
the Gulliver-Scheil model prediction for the two investigated alloys. 

Measurement of eutectic fractions and estimation of primary and eutectic undercoolings 

Eutectic volume fractions (V6) were estimated by stereology through measurement of area 
fraction of eutectic structure on the micrographs obtained by SEM-BSE on both IA-droplets and 
SD microstructures [6, 9], Subsequently, V6 is converted into weight percent eutectic (We) 
following equation 2. 

W = t7B 

V' x p , + P x p „ 
(2) 

25 



The densities of the eutectic structure and the a-phase peand p awere obtained from the elemental 
weight percent of the eutectic structure measured by Point-located Energy Dispersive X-ray 
spectroscopy (EDX). The densities of A1 and Cu are pAr2100k% n f 3 and pa r8920kg n f 3 [10] 
Figure 4b compares the eutectic fraction (wt %) at different positions of the deposit cross section. 
Despite the variation of cooling rate from top to bottom, the eutectic fraction is consistent 
throughout the cross-section area and equal to the eutectic fraction of a droplet of 350 ¡im in 
diameter which is the estimated value of the D50 of the spray through nozzles size of 250 ¡im 
[11], This suggests that eutectic fraction is nucleation undercooling dependent rather than 
cooling rate dependent. And, as expected the eutectic fraction is lower than the well-known 
Gulliver-Scheil model prediction. 

Subsequently, the eutectic fractions were used in the Al-Cu phase diagram with metastable 
extensions of solidus and liquidus lines (Figure 5) to determine the corresponding eutectic 
undercoolings. The eutectic undercoolings were then combined with an approximate coarsening 
model to determine the primary undercoolings. A detailed description of the steps is described in 
a previous work [12], 

Figure 5. Aluminum rich hypoeutectic region of Al-Cu phase diagram 
calculated by Thermo-Calc. The dashed lines represent the extension of 
solidus and liquidus lines obtained by suspension of Al2Cu. 

Figure 6a shows the variation of eutectic undercooling from bottom to top of the deposits cross 
sections. The results are compared with a 350 ¡im droplet size of the same composition which 
corresponds to the D50 of the deposited spray. As can be seen, the eutectic undercooling does 
not vary much across the SD sample cross section from bottom to top. However, the results 
show higher eutectic undercooling in SD as compared to droplets, this suggest that when they 
landed on the copper substrate the partially solid spray (consisting of primary alpha-phase) has 
to cool few more degrees Celsius further before the remaining liquid reaches the eutectic 
composition, consequently the eutectic nucleation temperature gets lower as compared to an IA-
droplet that solidified entirely in the argon atmosphere. 
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Figure 6b shows the primary undercooling variation from bottom to top across the deposit cross 
section. As can be seen, the primary undercooling remained quasi-constant all over the sample. 
The values are affected by neither the cooling rate (oil-coating) nor the Sc-addition. Also, the 
primary undercooling is found to be consistent with a 350 ¡im droplet size of the same 
composition corresponding to the D50 of the deposited spray, this is expected as the spray 
primary solidification occurs before they land, partially liquid, on the copper substrate. 

Figure 6. Eutectic and primary undercooling at different positions of the 
SD cross sections compared with IA-droplets of equivalent size for the 
two investigated alloys. 

Conclusions 

Impulse Atomization (IA) and Spray Deposition (SD) of Al-4.5wt Cu and Al-4.5wt% Cu-
0.4wt% Sc were carried out under argon atmosphere. Copper substrates with and without oil 
coating were used for SD. Oil coated substrate is found to yield faster heat dissipation due to a 
better substrate-deposit contact. Average cell spacing is found to decrease with cooling rate. IA 
droplet microstructures are found to be finer than their corresponding deposits although Copper 
heat conductivity is much higher than Argon. This is explained by the fact that under argon 
atmosphere the micron size IA droplets fully solidify by losing heat to the gas without any 
significant increase of temperature of the latter; whereas, during SD, the partially solidified 
droplets land on a copper substrate to form a few millimeters thick deposits which clearly will 
not solidify fast enough to promote a finer microstructure as compared to the micron size IA 
droplets. However, the eutectic fractions are found to be the same, suggesting that eutectic 
fraction is nucleation undercooling dependent rather than cooling rate. The eutectic undercooling 
does not vary with cooling rate. A higher eutectic undercooling is achieved in SD as compared to 
IA, because when they land on the copper substrate the partially liquid spray has to be cooled 
further before it reaches the eutectic composition; and therefore, the eutectic nucleation 
temperature gets lower as compared to IA-droplets that solidify entirely in the argon atmosphere. 
The primary undercooling is found to be equal for both IA and SD samples regardless of the 
position on the SD and it is not affected by Sc-addition. 
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Abstract 

Powder characteristics have a significant influence on selective laser melting (SLM) process. In 
this research, particle size, surface contour and the microstructure of IN718 powder used in SLM 
were tested, and the physical and chemical changes during heating process of the powder were 
investigated as well. The shape characteristic and fluid properties of IN718 powder were defined 
and measured. It is shows that most particles of IN718 powder exhibited nearly spherical shapes, 
and the particle size is about 22.95|xm. On this basis, IN718 sample was fabricated by SLM process 
using the powder and the microstructure of the fabricated sample was investigated. The results 
indicated that the sample has a dense microstructure, no macro-defects but a few micropores and 
porosity. Compared with the powder, there was no new phase formed in the sample and melting 
point of the sample was little less than that of the powder. 

Introduction 

IN718 alloy has excellent high temperature mechanical properties and has been widely used in 
the aerospace industry. [1'21 However, it is difficult to manufacture IN718 part by conventional 
machining methods at room temperature because of excessive tool wear and low material removal 
rates.'3'41 In addition, the applied IN718 alloy parts are very complex in molding method and the 
traditional methods also waste materials. Thus new manufacturing processes such as selective laser 
melting (SLM) have come into the focus of the research. 

Previous researches has concentrated on the influence of the SLM process parameters on the 
product properties such as the surface roughness and relative density, [5"?I or studied on the 
mechanical properties of fabricated parts.[SI Nevertheless, there is no completely research on the 
powder used in SLM. 

Powder characteristics have special influence on SLM process such as particle size, surface 
contour, melting point, fluid properties etc. and these characteristics have important influence on the 
SLM process and fabricated part'91. This article comprehensively investigated the IN718 powder 
used in SLM and the microstructure of IN718 sample fabricated by SLM. 
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Characteristics of IN718 powder used in SLM 

Particle size 

1. Measuring particle size by laser particle analyzer 
Mastersizer 2000 Laser Particle Analyzer was used to measure the particle size of IN718 

powder, and the reagent used to disperse the powder was alcohol. The result is shown in Table 1 and 
Figure 1. 

As table 1 shows, volume average particle diameter of IN718 powder is 38.23|xm, surface area 
average particle diameter is 29.201|xm and specific surface area is 0.205 m2/g. Figure 1 illustrated 
that: most particle size of the powder is range from 10|xm to 50|xm, particle size in this range is 
about 85% and particle size less than 10|xm does not exist. 

Table 1. Result of IN718 powder particle size by Laser particle size analyzer 

volume average particle surface area average particle specific surface area SA 
diameter Dj diameter D2 

38.23 ¡im 29.20 l(xm 0.205m2/g 

Figure 1. Size distribution of the IN718 powder 

2. Measuring particle size by SEM 
15 micrographs of IN718 powder were taken by SEM (as shown in Figure 2) and particle size 

of the powder in the micrographs was measured and averaged by Image-Pro-Plus (IPP) software, 
the result is shown in Table 2. The average particle size is 22.95|xm, the maximum particle size is 
112.27|xm and the minimum particle size is 5.03|xm, compared table 1 with table 2, the result of 
particle size obtained by the IPP software is less than the particle size tested by laser particle 
analyzer, this may indicate that using alcohol to disperse the powder leads to incorrect size 
measurements. 
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Figure 2. Representative SEM micrograph of IN718 powder 

Table 2. the result of measuring the particle size by IPP software 

Average particle size/|xm Maximum particle size/|xm Minimum particle size/|xm 
22.95 112.27 5.03 

Particle shape and ellipsoid coefficient 

Figure 3 shows the particle shape of IN718 powders. Most of the powder particle shape is an 
approximate sphere, but there are also some irregular particles in the powder, obviously, spherical 
particle is beneficial to spreading in SLM process. Figure 3 also illustrates that the surface of the 
particles is not smoothis not smooth, indicating that a rough surface is favorable for laser absorbing. 

Figure 3. SEM images of IN718 powders 

In order to represent the shape character of IN718 powder, the particle is regarded as an 
elliptical shape and the ratio of long axis to short axis (as seen in Figure 4) is measured. Fluid 
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properties are improved if the ratio of long axis to short axis, or ellipsoid coefficient, is close to one. 
For IN718 powder, the 15 micrographs were used to calculate the ellipsoid coefficient of the 
powder by IPP software again, and the average ellipsoid coefficient is 1.37. 

Figure 4. schematic diagram of coefficient of ellipsoid 

Surface chemical composition of IN718 powder 

Infrared spectrometer was used to detect if there is organic matter adhering to the surface of 
IN718 powder, the result is shown in Figure 5. The wave number between 3000cm-l to 3500cm-l 
illustrates the presence of moisture (-OH) that has been adsorbed on the powder surface when the 
powders were in contact with the environment during the sample preparation process for 
measurement. The IR spectrum of the phosphor indicates that there is no organic matter on the 
IN718 particle surface. 

Figure 5. The infrared spectrum of IN718 powder 

The microstructure of IN718 powder 

The microstructure of IN718 powders is shown in Figure 6. Fine equiaxed grain is found, and 
the grain boundary is elongated. This result illustrates that the cooling rate in powder production is 
high. 
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Figure 6. SEM image showing the particle internal microstructure of IN718 powder 

Figure 7 shows XRD pattern of IN718 powder, the main phase of the powder is y phase 
(Ni-Cr-Co-Mo) and the other phase is FexNiy. 

Figure 7. XRD pattern of the IN718 powder 

Thermal analysis of IN718 powder 

Some SLM manufacturing parameters are based on the physical and chemical changes of 
materials during heating process, so thermal analysis was used to research on the physical and 
chemical changes of IN718 powder in the SLM process. During the heating procedure, the powder 
was scanned from 25°C to 1500°C under argon atmosphere, with a heating rate of 20°C/min. 

As the result shown in Figure 8, thermal transition observed at about 100°C has been ascribed 
to evaporation of water. Thermal transitions found between 500°C and 1100°C may be due to the 
phase transition. The transition at 1370°C is caused by powder melting. TG curves demonstrates 
that the powder has a little oxidation in the heating process at about 1100°C. 
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Figure 8. thermal analysis of the IN718 powder 

Fluid properties of IN718 powder 

Fluid properties of the powder include apparent density, tap density, and angle of repose. The 
apparent density means the density of natural powder; and the tap density means the density of 
compact powder; the angle of repose is defined to represent the fluid properties of the powder 
defining the angle of repose as: powder falls into the platform freely and forms a cone, the angle 
between the platform and slope of the cone is the angle of repose. Small angle of repose is good for 
the fluid properties of powder. Generally consider, when the angle of repose 0<3O°, the fluid 
properties of powder is excellent, and when 30°<6^10o , the fluid properties of powder can meet 
fluidization, injection and spreading requirement of production process. 

The BT-1000 machine was used to test the fluid properties of the IN718 powder, and the result 
is listed in Table 3. The angle of repose is 39° which means the IN718 powder can inject or spread 
during the SLM process. 

Table 3. the result of the fluid properties 

apparent density p ; tap density p2 Compressibility angle of repose 9 
g/ml g/ml /% / ° 

4.03 5.00 19.30 39.00 

SLM Experimental 

SLM experimental equipment used to fabricate IN718 sample is CQU280, and the machine 
had a 200W Yb:YAG fiber laser. Before SLM process, the platform was preheated to 80°C and 
maintaining at that temperature in SLM process. The SLM experimental conditions used in this 
study were presented in Table 4. 
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Table 4. SLM experiment conditions used in IN718 sample fabrication 

Manufacturing parameters Value 
Laser power P, W 

Laser scanning speed v, mm/s 
Powder layer thickness d, ¡im 

Protect atmosphere 

195 
1200 

50 
Ar 

Microstructure and Characteristics of fabricated sample 

The fabricated IN718 sample was shown in Figure 9. 

Figure 9. The fabricated IN718 sample by SLM 

The microstructure of fabricated IN718 sample 

Figure 10 gives the optical micrographs of the fabricated IN718 sample by SLM. A typical 
SLM microstructure is seen in Figure 10. It is found that the microstructure on vertical to building 
section (Figure 10a) and cross to building section (Figure 10b) is different, on vertical to building 
section the microstructure unit is an ellipse, and on cross to building section, microstructure unit 
looks like a squama. The ellipse and the squamous microstructure units are all formed by 
micro-molten-pool of IN718 particles during SLM process. 

The microstructure of the fabricated samples is dense and has no macro-defects like inclusion 
and bubble. However, there are some micropores and porosity in both sections. 

Figure 10. Optical micrographs of the fabricated IN718 sample 

(a) vertical to buildingsection,[b] cross to building section 
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The XRD pattern of SLM fabricated IN718 sample is shown in Figure 11. Phase composition 
of the sample was almost the same as the powder, include y phase (Ni-Cr-Co-Mo) and Fe-Ni. The 
reason may be that the solidification rate was very fast in both IN718 powder production and IN718 
sample SLM fabrication process. 

Figure 11. XRD pattern of fabricated sample 

Thermal analysis of fabricated sample 

Experimental conditions are the same as the conditions of IN718 powder. The result is shown 
in Figure 12.The thermal transition observed at about 150°C represents the evaporation of water 
absorbed on the sample surface. The thermal transitions found at about 1000°C may be ascribed to 
phase transition. The transition at 1335°C is caused by alloy melting. Comparing Figure 8 with 
Figure 12, the DSC curve of the fabricated sample is a little different from the powder's, several 
peaks caused by phase transition have disappeared in the sample DSC curve. TG curve has little 
changed during heating process. 

Figure 12. Thermal analysis of fabricated sample 
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Conclusions 

This article intends to present the characteristics of IN718 powder used in SLM process and 
the microstructure of the IN718 sample fabricated by SLM. The result shows the powder used in 
SLM process has an approximate sphere shape and the ellipsoid coefficient is 1.37. The particle 
surface is not smooth but the shape characteristics are beneficial to spreading and absorbing laser 
power in the SLM process. The average particle size of the powder is about 22.95|xm. The angle of 
repose of the powder is 39° which means the fluid properties of the powder can satisfy spread and 
injection requirement in SLM process. In the SLM experiment, samples have been successfully 
fabricated by the powder. 

SLM fabricated sample using the IN718 powders has dense microstructure, but there are still a 
few micropores and porosity in the sample. A special microstructure is found in both cross to 
building section and vertical to building section, the microstructure unit is ellipse in vertical to 
building section and squamous microstructure in cross to building section. Melting point of the 
sample is about 1335°C and the main phase is y phase (Ni-Cr-Co-Mo). Compare with the powder, 
melting point of the sample is a little lower and the phase composition is almost the same. 

Acknowledgement 

This work is supported by the Fundamental Research Funds for the Central Universities PR.China 
through project No.CDJZR12110072 

References 

1 M. Anderson, R. Patwa, and YC. Shin. "Laser-assisted machining of Inconel 718 with an 
economic analysis." International Journal of Machine Tools and Manufacture, 46 (2006), 
1879-1886. 
2 Zemin Wang, Kai Guan, and M n g Gao, "The microstructure and mechanical properties of 
deposited-IN718 by selective laser melting." Journal of Alloys Compounds, 513 (2012), 518-523. 
3 H. Attia et al., "Laser-assisted high-speed finish turning of superalloy Inconel 718 under dry 
conditions." CJ.R.P. Annals, Manufacturing Technology, 59 (2010), 83-89. 
4 J.P. Costes et al., "Tool-life and wear mechanisms of CBN tools in machining of Inconel 
1\9>." International Journal of'Machine Tools and Manufacture, 47 (2007), 1081-1088. 
5 Yadroitsev I, Bertrand Ph, and Smurov I. "Parametric analysis of the selective laser melting 
processAppl ied Surface Science, 253 (2007), 8064-8071. 
6 Morgan R, Sutcliffe CJ, and O'Neill W. "Density analysis of direct metal laser re-melted 316L 
stainless steel cubic primitives." Journal of Materials Science, 39 (2004), 1195-1203. 
7 Morgan R, Sutcliffe CJ, and O'Neill W. "Experimental investigation of nanosecond pulsed 
Nd:YAG laser re - melted pre - placed powder bed." Rapid Prototyping Journal,! (2001), 159-170. 
8 K.N. Amato, S.M. Gaytan, and L.E. Murr, "Microstructures and mechanical behavior of Inconel 
718 fabricated by selective laser melting." Acta Materialia, 60 (2012), 2229-2239. 
9 Lore Thijs et al., "A study of the microstructural evolution during selective laser melting of Ti -
6A1 - 4V" Acta Materialia, 59 (2010), 3303-3312. 

37 





Characterization 
of Minerals, Metals, 
and Materials 2015 

Method Development 
in Characterization 

Session Chairs: 
John S. Carpenter 

Jian Li 





Characterization of Minerals, Metals, and Materials 2015 
Edited by: John S. Carpenter, Chenguang Bai, Juan Pablo Escobedo, Jiann-Yang Hwang, Shadia Ikhmayies, 

BowenLi, JianLi, Sergio Neves Monteiro, Zhiwei Peng, and Mingming Zhang 
TMS (The Minerals, Metals & Materials Society), 2015 

ADVANCED FIB APPLICATIONS IN MATERIALS RESEARCH AT 
CanmetMATERIALS 

Jian Li, P. Liu, R. Zhang and J. Lo 

CanmetMATERIALS, Natural Resources Canada, 183 Longwood Road South, Hamilton, 

Ontario, Canada L8P 0A5 

Keywords: FIB, Mcroscopy, milling 

Abstract 
In the past decades, focused ion beam (FIB) has evolved into a powerful microscope that 
provides capabilities that no other microscopes can offer. The combination of high-resolution 
imaging and stress-free ion beam cross sectioning provides valuable micro structure information 
both at the specimen surface and beneath. FIB techniques are also the preferred method to 
prepare site-specific transmission electron microscope (TEM) specimens. CanmetMATERIALS 
owns a world-class microscopy facility, where advanced microscopy work provides strong 
supports to research programs that cover a wide range of subject areas. This paper is aimed to 
provide a few practical examples of FIB applications in microstructure characterizations that 
include cross-sectioning and imaging, serial sectioning, and advanced TEM specimen 
preparation in materials research at CanmetMATERIALS. 

Introduction 

FIB microscope has long surpassed the era when it was solely used by semiconductor industry 
[1], With its applications extend into materials science and biology, the number of FIB systems 
has increased significantly [2-5], 

A typical FIB microscope column contains a Ga ion source that produces a finely focused beam. 
The primary Ga ion beam is accelerated by typically 30 kV to provide both precision ion beam 
milling power and ion beam imaging capability. Secondary ions and secondary electrons are 
also collected by various types of detectors for high-resolution imaging purpose. Depending on 
the application, higher beam current (e.g. 60 nA) are used for rapid ion beam milling, while fine 
beam current (e.g. 1 pA) can be used for high-resolution ion beam imaging. High-resolution ion 
beam imaging can provide enhanced crystallographic contrast that outperforms the traditional 
BSE imaging in SEM. Site-specific micro-depositions (e.g., Pt, W, C, and Si02) and micro-
etching (XeF2 and CI) can also be achieved by the interaction of the primary ion beam with the 
deposition (or etching) gas introduced into the system. 

The development of second generation of FIB systems (Dual-Beam™ or Cross-Beam™) has 
vastly replaced the original single beam FIB systems. Combining with high-resolution electron 
microscope columns, dual-beam FIBs have become powerful instruments that no other 
microscope can replace. The main capabilities of the modern FIB systems are listed below: 

1) stress-free FIB cross-sectioning - subsurface information 
2) high-resolution imaging - surface and FIB sections 
3) chemical composition - energy dispersive X-ray spectroscopy (EDS) 
4) Crystallographic orientation - Electron backscattered diffraction (EBSD) 
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5) Micro deposition and micro etching - circuit editing, protection to TEM foils 
6) In situ lift out (micro manipulator) - TEM specimen preparation 
7) TEM specimen preparation - site specific cross sectional and plan view TEM samples 
8) Scanning transmission electron microscopy (STEM) - BF and DF imaging of TEM foils 

High-quality FIB microscopy work has been a significant integral to deliver research projects at 
CanmetMATERIALS. This article is aimed to present a few examples of advanced FIB 
microscopy applications in materials research at CanmetMATERIALS. 

Instrumentation 

CanmetMATERIALS owns a set of state-of-the-art electron microscopes that includes a high-
resolution SEM, a dual-beam FIB and a TEM. Aside from high-resolution imaging and rapid ion 
beam milling capabilities, the Helios NanoLab-650 dual beam FIB is equipped with EDS, EBSD, 
Omni Probe™ micro-manipulator, five gas injectors and a retractable STEM detector. Figure 1 
shows a schematic diagram and the actual FIB microscope at CanmetMATERIALS. 

Figure 1. Schematic diagram of dual beam FIB microscope and the Helios NanoLab FIB at 

CanmetMATERIALS 

Practical Examples 

High resolution imaging 
High resolution imaging is always one of the prime tasks for any microscopy facility. Ability to 
achieve high-resolution imaging on bulk samples provides opportunities for rapid feedbacks to 
process parameter optimization and failure analyses. 

Ti02 is one of the most studied materials in recent years. Bulk Ti02 is known to be a very useful, 
non-toxic, environmentally friendly, and corrosion-resistant material. It is frequently used in 
various types of paints, white pigments, and sun-blockers [6], Nanocrystalline Ti02 has been 
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used in solar cells and biomedical applications using its active photo catalytic property to 
decompose organic materials [7], There have been interests to replace the Ti02 from nano 
particular form to one-dimensional nanostructures due to both nanotubes and nano rods allowing 
for good control of the chemical or physical behavior [8, 9], With the use of nanotubes, not only 
does the specific surface area increases significantly but also the electronic properties may 
change considerably. There have been indications of improved conversion efficiency by 
replacing Ti02 nanoparticle with naontubes in dye-sensitized solar cells [6], 

Ti02 in nanotube form was produced at CanmetMATERIALS in experiment scale using 
electrochemical anodization process. A processing parameter - structure - properties 
relationship needs to be established. The size and structure of the nanotube is of critical 
importance as it not only determines the physical and chemical properties of the product, but also 
their electrical and biological properties. Whether the nanotubes are single-walled or double-
walled is also of particular interest. Figure 2 shows examples of high-resolution secondary 
electron images of the Ti02 nanotubes produced at CanmetMATERIALS. These nanotubes 
appear to be all single-walled and are about 100 nm in diameter with wall thickness of about 20 
nm. Small agglomerates on the surface are a result of Pt plating using a Denton-IV vacuum 
sputter coater for conductivity purpose. High-resolution images of up to 2,000,000 X was 
obtained using the SEM column on the Helios NanoLab FIB. The ultimate achievable resolution 
measured from these images collected under 2 keV electron beam is 0.6 nm. 

Figure 2. High-resolution images taken from the Ti02 nanotubes produced at 
CanmetMATERIALS 

Stress-free Cross-sectioning 

One of the powerful functions that FIB microscopes provide is the ability to cross-section 
microscopic features. The ability to locate a feature of interest and prepare cross-section in-situ 
allows investigators to obtain microstructure, chemical composition and crystallographic 
orientation information in the third dimension - all in one microscope [10], 

Oxide-dispersion strengthened (ODS) steels have been of great interest for high temperature 
application. For high temperature fuel cladding in supercritical water-cooled reactor (SCWR), 
ODS steel is a desirable material for its strength, creep resistance, enhanced corrosion and 
irradiation resistance at high temperature. However, production of ODS steel is still under heavy 
development. Typical process routine involves metal powder production by atomization, ball 
milling of steel powder with nanometer sized Y2Û3 powder followed by extrusion. One of the 
challenge in ODS steel production is to incorporate Y2Û3 into steel powder in the ball milling 
process. The microstructure and properties of the atomized powder is of critical importance. 
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Optimizing atomization process to obtain particles with preferred microstructure is a key factor 
to produce high quality ODS alloys. 

Figure 3. FIB cross section and high-resolution images of atomized stainless steel powder 

Figure 3 shows a FIB cross section and secondary electron images of an atomized stainless steel 
metal particle. Under this processing condition, the small particle is found to have fully 
recrystallized ferrite grain structure. Ferrite phase is more malleable (as opposed to martensite) 
that allows more deformation during the ball milling process to incorporate (and potentially 
dissolve) Y 2 0 3 nano particles more efficiently. Although it is still possible to use conventional 
metallography methods, FIB cross sectioning followed by in situ ion beam imaging is an 
effective technique to reveal the microstructure of these fine powders. 

In some cases, multiple cross sections are desired to obtain microstructure information in three 
dimensions. In a study of high temperature corrosion resistance of stainless steels, small particles 
are found to form on the surface. Stainless steels passivate themselves by forming continuous 
Cr203 layer that reduces inward oxygen diffusion and outwards iron diffusion. The appearance 
of these microscopic particles can either be an early sign of passive film dissolution that could 
result in short-circuit oxygen inwards diffusion leading to accelerated corrosion, or simply be 
surface deposit during corrosion experiment. These particles are small, and conventional FIB 
section can be used to investigate particle-passive film-substrate relationship. However multiple 
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sections can provide a comprehensive view of the connection between these particles to stainless 
steels substrate. These particles are very small, and conventional metallurgical serial sectioning 
can only obtain images at approximately 50 (im per slice. At CanmetMATERIALS, we 
successfully performed automatic FIB serial sectioning on a selected particle formed on the 
corroded steel surface. 

Figure 4. Selected images from FIB serial sectioning of an oxide particle found on stainless steel 
surface after high temperature corrosion test 

The serial sectioning and imaging was set to run automatically with pre-set milling (slicing) 
intervals. In this particular case shown in Figure 4, the FIB milling of 300 nm per slice was 
achieved with a total of 80 slices. The entire particle was found to be above the passive Cr203 

film, and not connected to the substrate at any point. With the serial sectioning in Figure 4, we 
were able to conclude with confidence that these particles are a result of surface deposition 
(precipitation) during cooling process in the high temperature corrosion experiment when 
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solubility of the dissolved ionic species in solution reduces. Corrosion resistance of the stainless 
steel was not compromised under this experimental condition. 

Plan view TEM Specimen Preparation 

FIB microscopes have become powerful tools in TEM specimen preparation [3, 11, 12], and 
these techniques have evolved rapidly. In many laboratories, making FIB lift out TEM 
specimens has become a daily routine. The lift out technique has shown significant advantages 
over the original H-bar technique that TEM specimens can be made directly from a bulk 
specimen without mechanical preparation [11], The conventional lift-out technique since 
improved that much thicker specimens (typically 5 (im in thickness) are lifted out from the bulk 
and then transferred to TEM grids using a micromanipulator (in-situ or ex-situ) followed by final 
FIB thinning. However, in many cases, plan view TEM specimen is desired due to geometric 
configuration requirement. The plan view TEM specimen preparation is not a routine exercise 
[13, 14], and requires extensive FIB milling time and experienced operator especially when 
external micro-manipulator is used. Figure 5 shows a plan view TEM specimen was 
successfully prepared from a crack tip region at CanmetMATERIALS that allowed us to analyze 
the crack tip and surrounding region in great detail. 

Figure 5. Plan view TEM specimen prepared from a crack tip region 

The advantage of plan view TEM sample allows us to investigate specific microstructure 
features using all levels of microscopy techniques. In case of studying cracks (e.g. stress 
corrosion cracking, and delayed hydride cracking), conventional FIB lift out can't produce any 
TEM specimen with crack tip included in the foil. Understanding the crack tip morphology and 
the chemical composition near and ahead of active crack tip zone is of paramount importance in 
understanding crack propagation mechanism. Plan view lift out technique is the only reliable 
and practical method to produce high quality TEM specimen to study crack tip zone in 
microscopic scale [15], 
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Summary 

In addition to make conventional TEM specimens as most of other FIBs do in other laboratories, 
FIB microscopes at CanmetMATERIALS has also been used as a powerful cross sectioning and 
imaging instrument. The FIB microscope has proven to be a backbone instrument that is 
essential in various fields of materials research at CanmetMATERIALS. 
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Abstract 

Conventional methods to characterize the fatigue behavior of metallic materials are very time 
and cost consuming. That is why the new short-time procedure PHYBALCHT was developed at 
the Institute of Materials Science and Engineering at the University of Kaiserslautern. This 
innovative method requires only a planar material surface to perform cyclic force-controlled 
hardness indentation tests. To characterize the cyclic elastic-plastic behavior of the test material 
the change of the force-indentation-depth-hysteresis is plotted versus the number of indentation 
cycles. In accordance to the plastic strain amplitude the indentation-depth width of the hysteresis 
loop is measured at half minimum force and is called plastic indentation-depth amplitude. Its 
change as a function of the number of cycles of indentation can be described by power-laws. One 
of these power-laws contains the hardening-exponentcHT en, which correlates very well with the 
amount of cyclic hardening in conventional constant amplitude fatigue tests. 
To identify heat-treatment-parameters and SAE 52100 TRIP-alloys with high hardening rates as 
well as their damage tolerance the PHYBALCHT- and PHYBALLIT-method were used. One 
modified SAE 52100 TRIP-alloy was investigated in detail. The fatigue behavior and the cyclic 
hardening of the selected SAE 52100 TRIP-alloy was investigated and compared with 
conventional SAE 52100. Conventional stress-controlled fatigue tests were performed on a 
servo-hydraulic test system with a frequency of 5 Hz and a load ratio ofi? = -1. Different rates of 
cyclic hardening were identified. The size of the nonmetallic inclusions leading to crack 
initiation and the number of cycles to failure were used to evaluate differences in the damage 
tolerance capability. 

Introduction 

One of the main reasons to initiate fatigue fracture in SAE 52100 steels are microstructural 
imperfections like nonmetallic inclusions [1], Due to the wide spectrum of their size, 
microstructure and elastic properties, a high scattering in fatigue life is observed [2], To reduce 
this, the TRIP-effect can be used to induce local hardening around imperfections with respect to 
an improved damage tolerance under cyclic loading. To identify SAE 52100 TRIP-alloys with a 
high hardening rate and a high damage tolerance the PHYBALCHT- and PHYBALNT-method 
were used. PHYBALCHT requires only a planar surface to perform cyclic force-controlled 
hardness indentation tests. To characterize the cyclic elastic-plastic material behavior the change 
of the force-indentation-depth-hysteresis was plotted versus the number of indentation cycles. Its 
change as a function of the number of indentation cycles can be described by power-laws. One of 
these power-laws contains the h a r d e n i n g - e x p o n e n t c H T en, which correlates very well with the 
amount of cyclic hardening in conventional constant amplitude tests [3], 
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Material and heat treatment 

Three alloy variants of SAE 52100 were considered. The first one was melted in industry in an 
electric arc furnace, forged to 100x 100 mm2, spheroidise annealed and is named in the 
following SAE 52100. The second alloy variant contains 1.9 % aluminum and the third alloy 
variant contains 1.0 % silicon in order to induce a TRIP-effect. The chemical compositions are 
given in Table I. SAE 52100 + 1.9 % A1 and SAE 52100 + 1.0 % Si were produced as laboratory 
melts in a 2 kHz vacuum induction furnace and cast into 80 kg ingots with a cross-section of 
140 x 140 mm2. The as-cast materials were heated stepwise to 1250 °C, homogenized for two 
hours, open-die forged to 60 x 60 mm2 and normalized. The steel was selected, melted and 
analyzed by the Department of Ferrous Metallurgy (IEHK) RWTH Aachen University. Fatigue 
specimens of steel SAE 52100 were austenized at 830 °C for 30 minutes, quenched in oil at 
60 °C and finally annealed at 180 °C for 2 h. One batch, SAE 52100-1, was heat treated in a 
vacuum system with oil-quenching the second batch (SAE 52100-11) was heat treated in a bell 
furnace (atmospheric furnace flushed with N2) with oil-quenching. The nominal heat-treatment 
parameters were identical. Dilatometer specimens of the steels SAE 52100 + 1.9 % A1 and SAE 
52100+ 1.0% Si were austenized at 900 °C for 5 minutes, quenched by nitrogen to room 
temperature and austempered at 220 °C at different times of 3 h to 10 h. The fatigue specimens 
of steel SAE 52100 + 1.9 % A1 were austenized at 900 °C for 35 minutes, quenched in a salt bath 
at 220 °C and austempered at 220 °C 5 h. The heat treatment processes were carried out at the 
Foundation Institute of Materials Science (IWT) in Bremen. 

Table I. Chemical composition (wt.%) of the steels SAE 52100, SAE 52100 + 1.9 % Al, 
and SAE 52100+ 1.0% Si 

C Si Mn P S Cr Mo Ni Al Cu 
SAE 52100 (I,II) 0.93 0.25 0.34 0.006 0.001 1.50 0.03 0.12 0.031 0.18 
+ 1.9% Al 0.92 0.25 0.37 0.004 0.002 1.52 0.04 0.13 1.90 0.19 
+ 1.0% Si 0.92 1.00 0.34 0.005 0.002 1.48 0.03 0.12 0.008 0.18 

The PHYBALcHT-Method 

The PHYBALcHT-method requires a planar material surface to perform ten cyclic force-
controlled hardness indentation tests exactly at one identical position. For the investigations 
described in this paper a Vickers indenter, a sine load function and a compressive force 
of -1000 mN were used (Figure la)). According to the general procedure of Martens hardness 
tests, the indentation-depth h was measured. Thus, a force-indentation-depth-hysteresis can be 
plotted what is shown exemplarily in Figure lb for the third cycle. In analogy to the plastic strain 
amplitude the indentation-depth width of the hysteresis loop was measured at mean load and 
named plastic indentation-depth amplitude ha,p. To characterize the elastic-plastic material 
behavior, the change of the plastic indentation-depth amplitude was plotted versus the number of 
indentation cycles. To take into account scattering, the measurement was repeated at 20 different 
positions of the specimen. This results in an average-value-curve of the plastic indentation-depth 
amplitude which is characteristic for each material resulting of different heat treatment and alloy 
variants. 
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Figure 1. a) Test-procedure with the indentation depth h, b) Hysteresis exemplarily shown for the 
third cycle with the definition of the plastic indentation-depth amplitude hap and 
c) Plastic indentation-depth amplitude hap-N-cwc\e described by two power-laws hapi and hapu 

Figure lc) shows the plastic indentation-depth amplitude ha,p as a function of the number of 
indentation cycles N for a steel. The double-logarithmic plot reveals that after the fifth cycle the 
curve can be described by a single power-law which is specified as hapn in equation (1). 
for JV > 4: ha,p = ha,pn = anN (1) 
For the indentation cycles two to four the difference between the measured ha,p-N-\alues and the 
ha,Pn-function can also be described by a power-law specified as ha,pi. This means, the ha,p-N-
relationship can be described by the sum of the two power-laws ha,pi and ha,pn with equation (2). 
for 2 < N < 4: KP = ha_pI+ ha_pII = arNe- + a„Ne" (2) 
As the function ha,pn is a part of the mathematical description for all indentation cycles it is well 
suited to characterize the elastic-plastic behavior of metallic materials: The coefficient an descri-
bes the vertical position of the /i^-iV-curves. This position is determined by the plasticity and the 
coefficient increases with increasing plasticity of the test material. Consequently, an is defined as 
plasticitycHT- The exponent en describes the slope of the hap-N-cm\es, and thus the hardening 
rate of the different steel variants. Consequently, en was defined as hardening-exponentcHT en- en 
correlates very well with the amount of cyclic hardening in conventional constant amplitude 
tests. [3] 

The PHYBALux-method 

On the basis of one load increase test (LIT) and two constant amplitude tests (CAT) the 
physically based fatigue life calculation method PHYBALLIT enables the calculation of the 
equations of Woehler curves in an excellent accordance to those determined conventionally with 
20 or more specimens. The PHYBALLIT procedure is described in detail for the steels SAE 1050 
and SAE 4140 as well as the magnesium alloy MRI 230D in [4], In the following, only the basic 
procedure is explained. 
For the PHYBALLIT tests described in this paper, axial stress-controlled fatigue tests were 
performed on a servo-hydraulic test system with a frequency of 5 Hz and a load ratio of i? = -1. 
In the load increase tests a step length of 9 • 103 cycles and load steps of 20 MPa were applied. 
The change in specimen temperature AT was measured with one thermocouple fixed in the 
middle of the gauge length, Ti, and two thermocouples, T2 and 7j, fixed at the elastically loaded 
shafts and calculated according to equation (3). 

AT = T — T2+Tj 
1 2 

As shown by Starke et al., the change in temperature AT correlates with the plastic strain 
amplitude ea,P and can be used to describe the cyclic deformation behavior as well as for the 
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calculation of fatigue life [4], On the basis of PHYBALLIT the pairs of values (oa, AT) measured 
in the load increase tests LIT and the two constant amplitude tests CATeXp. at 104 cycles (solid 
symbols in Figure 2), a Morrow equation can be calculated. This Morrow equation is given 
by the CATcaic. open symbols (• , Figure 2) in analogy to cyclic-stress-strain-curves as cyclic-
stress-temperature-curve. The ratio Q(o a) of the values measured in the constant amplitude tests 
at 104 cycles and the corresponding load levels of the load increase test was determined by 
dividing Zl7,(CATexp.) and AT(\ATeyiv). A linear relation between Q(cra) and oa can be used [3], 
The values (cra, AT)ioi constant amplitude loading CATcaic are calculated by multiplying the 
ZlZ-values of the load increase test LIT with the related ratio Q(cra). Consequently the pairs of 
values (oa, AT) oi the load increase test are used to calculate the Morrow equation, which is 
shown in Figure 2. With the exponent n \ j of the generalized Morrow power-law the exponent 
bar of the generalized Basquin power-law can be calculated according to Figure 2. With the 
number of cycles to failure N/oi one constant amplitude test, a generalized Basquin equation can 
be calculated, describing the Woehler curve in excellent accordance to conventionally 
determined ones. 

Figure 2. PHYBALlit based on the deformation-induced change in temperature A T, schematically. 

Results and Discussion 

PHYBALCHT was used to identify an austempering time for SAE 52100 + 1.9 % A1 to initiate an 
optimal TRIP-effect. Figure 3a) shows the influence of the austempering time at 220 °C on 
hardness, retained austenite (measured at IWT-Bremen), hardening-exponentcHT en and 
p l a s t i c i t y c H T an- The Martens hardness values were calculated from the first indentation cycle 
according to [5], The content of retained austenite increases up to an austempering time of 5 h. 
Consequently, the hardness decreases. Due to the TRIP-effect \ei/\ and \ai\ increase in direct 
correlation with the content of retained austenite. If the austempering time is longer than 5 h, the 
content of retained austenite decreases and the hardness increases (compare Figure 3a)). 
Furthermore the results indicate clearly, that the hardening-exponentcHT en is able to describe the 
linked reduction of hardening. Consequently, PHYBALCHT is a suitable method to quantify the 
influence of retained austenite on hardening due to the TRIP-effect. The results show another 
remarkable benefit of PHYBALCHT, as it is able to detect the influence of heat-treatment 
parameters immediately on dilatometer specimens. Figure 3b) shows the hardening-exponentscHT 
en for SAE 52100 + 1.9 % A1 and SAE 52100 + 1.0 % Si. Furthermore, Figure 3b) shows, that 
after the austempering time of 3 h different hardening-exponentscHT en for SAE 52100 + 1.9 % 
A1 can be measured in comparison to SAE 52100 + 1.0 % Si although the content of retained 
austenite is similar. After an austempering time of 5 h the content of retained austenite decreases 
for SAE 52100 + 1.0 % Si to 17% as well as the hardening-exponentcHT \eil decreases. 
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However, M is still higher for SAE 52100 + 1.0 % Si than for SAE 52100 + 1.9 % Al, although 
the content of retained austenite SAE 52100+ 1.0% Si is only half of that of SAE 52100 
+ 1.9 % Al. This can be explained by the reduced mechanical stability of Si-caused block-type 
retained austenite in comparison to that of Al-caused film-type retained austenite also observed 
in [6], PHYBALCHT is capable to detect the differences in mechanical stability of retained 
austenite. 

Figure 3. a) Influcence of austempering time on hardness, retained austenite /(IWT-Bremen), 
hardening-exponentcHT en, and plasticityCHT an (note an is scaled 5 times) 
b) Influcence of austempering time on hardening-exponentcHT e//and comparison of selected 
contents of retained austenite (IWT-Bremen) 
c) Change of the ferromagnetic content AFe versus JVof SAE 52100 + 1.9 % Al 

As a result of the PHYBALCHT results shown in Figure 3 an austempering time of 5 h was used 
for the fatigue specimens of SAE 52100 + 1.9 % AL to induce a maximum cyclic hardening due 
to the TRIP-effect. Figure 3c) shows the phase transformation of SAE 52100 + 1.9 % AL as 
change of the ferromagnetic content AFe measured at the surface in the middle of the gauge 
length by a ferritescope versus N. Due to the Villari-effect, the start values of AFe increase with 
higher oa. The activation of the TRIP-effect for 760 MPa < o a < 1,000 MPa is shifted to a lower 
number of cycles with increasing stress amplitudes. No TRIP-effect at the measured point on the 
surface is indicated at o a = 580 MPa. Figure 4a) shows cyclic deformation curves based on the 
change in temperature AT. The stress amplitudes between 760 MPa < o a < 1,000 MPa show the 
same qualitative development: Until a thermal balance between the specimen's gauge length and 
the thermostatically controlled clamping is reached a maximum ATmax value is reached due to 
thermal conduction processes. Subsequently a continuous cyclic hardening can be observed by 
decreasing ZlJ-values until a minimum value ATmi„is, reached right before failure. The difference 
ATH = ATmax -ATmi„ can be calculated as exemplarily shown in Figure 4a) to quantify the amount 
of cyclic hardening. No significant cyclic hardening can be observed for the run-outs and, in 
addition, AFe (Figure 3c)) does not indicate any phase transformation. This is a very desirable 
behavior for a damage tolerant SAE 52100-TRIP-steel: It can be concluded that the TRIP-effect 
will not be activated in a component loaded in the range below the fatigue limit. This is very 
important because of the required high dimension stability for components e.g. bearings. 
However, when the local stress is higher around an imperfection, the TRIP-effect is induced only 
locally. In this case the TRIP-effect can reinforce the matrix locally and induce compressive 
residual stresses to prevent crack initiation or to stop cracks. 
Cross-sections of the gauge length just beneath the fracture surface of the specimens loaded at 
o a = 1,000 MPa, 920, and 800 MPa were prepared and tested with PHYBALCHT- Figure 4b) 
shows the results in comparison to a cross-section in the origin state (oa = 0 MPa). The hardness 
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increases with increasing stress amplitudes oa, while the hardening-exponentcHT \eil decreases. 
Consequently, the cyclic hardening ATH shown in Figure 4a) reduces the hardening capability 
quantified by PHYBALCHT- The reduction of the hardening-exponentcHT -en due to fatigue is 
quantified by Aen (oa) = I en (0 MPa)| - | en (oa)|. Figure 4c) shows the correlation of cyclic 
hardening ATH and the reduction of hardening-exponentcHT Aen after cyclic loading. 
PHYBALCHT detects the reduction of the hardening capability very accurately. 

Figure 4. SAE 52100 + 1.9 % A1 
a) Cyclic deformation curves based on the change in temperature AT versus N 
b) Influence of the stress amplitudes oa on hardness and hardening-exponentcHT -e//after cyclic 
loading 
c) Correlation of cyclic hardening ATH and the reduction of hardening-exponentcHT Aen after 
cyclic loading at different stress amplitudes oa 

Figure 5a) shows several properties of the fatigue specimens in the origin state: The content of 
retained austenite of SAE 52100-1 is significantly higher than that of SAE 52100-11. This 
indicates different temperatures in the effective heat-treatments compared to the nominal 
temperatures. The content of retained austenite of SAE 52100 + 1.9 % A1 is significantly higher 
than that of both SAE 52100 batches. The hardening-exponentcHT -en specifies this difference as 
it increases in the same manner as the content of retained austenite. The hardness also indicates 
differences, although it cannot be attributed solely to the content of retained austenite, since 
SAE 52100-1 has the highest hardness. Regarding hardness and the electrical resistance in the 
origin state Ro it can be concluded, that there are more microstructural differences between 
SAE 52100-1 and SAE 52100-11 than only the content of retained austenite. These differences 
result in different Woehler curves shown in Figure 5b). The Woehler curves calculated by 
PHYBALLIT reflect the differences in hardness. The failure was always caused due to 
nonmetallic inclusions. Figure 5b) reveals the chemical composition, the size as area0 5 according 
to [2] and the position of the inclusion. The area0 5-values vary for SAE 52100 + 1.9 % A1 even a 
bit more than for the SAE 52100 batches: Largest inclusions are aluminum oxides of 25 Jim in 
SAE 52100-11, 35.2 jim in SAE 52100-1 and 45.5 jim in SAE 52100 + 1.9 % AL. The smallest 
inclusions are nitrides of 5.2 Jim in SAE 52100-11, 5.2 Jim in SAE 52100-1 and 7.9 Jim in 
SAE 52100 + 1.9 % AL. In contrast to this, the scatter of the experimental results is significantly 
lower for SAE 52100 + 1.9 % AL, than that of SAE 52100-1 and SAE 52100-11. SAE 52100-11 
shows a scatter of about one decade N/ to the Woehler curve between the AI2O3 at 
oa = 1,000 MPa and the TiN at oa = 880 MPa. However, the scatter of SAE 52100 + 1.9 % AL is 
much lower, regarding the difference between A^and the calculated Woehler curve of the A1N at 
cra = 9 2 0 M P a a n d t h e AI2O3 a t oa = 7 6 0 M P a . 
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In other words: The size and the type of inclusion have a minor effect on fatigue life in 
SAE 52100 + 1.9 % Al, than for SAE 52100. This confirms the increased damage tolerance of 
the TRIP-alloyed SAE 52100 + 1.9 % Al. Furthermore, one specimen of SAE 52100 + 1.9 % Al 
reached the ultimate number of cycles of 12 • 106 at o a = 500 MPa, 580 MPa, and 600 MPa, 
marked as a), b), and c) in Figure 5b). It was cycled in part d) with o a = 620 MPa to reveal the 
largest inclusion inside the gauge length. Besides, a pre-damage caused in the parts a)-c) can be 
presumed, as it failed already at 1.7 • 105 cycles. However it is very remarkable, that the 58.3 Jim 
large AI2O3- and SiC>2- inclusions did not lead to fracture in the parts b) and c), which shows a 
good accordance to the Woehler curve with a small scatter band. Furthermore, it is an impressive 
proof of the damage tolerance of the modified SAE 52100 + 1.9 % Al. 

Figure 5. a) Comparison of SAE 52100 + 1.9 % Al versus SAE 52100-1 and SAE 52100-11 
concerning hardness, hardening-exponentcHT -en, retained austenite y (IWT-Bremen), and 
electrical resistance i^oofthe unloaded fatigue specimens 
b) Woehler curves of SAE 52100 + 1.9 % Al, SAE 52100-1 and SAE 52100-11 with the size and 
composition of nonmetallic inclusions, which caused failure 

Conclusions 

To identify SAE 52100 TRIP-alloys with a high hardening rate and a high damage tolerance the 
methods PHYBALCHT and PHYBALLIT were used. Both methods are short-time procedures 
developed at the Institute of Materials Science and Engineering at the University of 
Kaiserslautern for the determination of fatigue data of metallic materials [3], The cyclic hardness 
test PHYBALCHT was used to evaluate the hardening rate due to variations in alloy composition 
and heat treatment. In this investigation the modified SAE 52100 + 1.9 % Al TRIP-alloy was 
selected for detailed investigations. The fatigue behavior and the cyclic hardening of SAE 52100 
+ 1.9 % Al was compared with conventional SAE 52100. Stress-controlled fatigue tests were 
performed on a servo-hydraulic test system with a frequency of 5 Hz and a load ratio of i? = -1. 
The increase of the ferromagnetic content AFe in constant amplitude tests of SAE 52100 
+ 1.9 % Al indicates the TRIP-effect. The deformation-induced change in temperature was 
plotted versus the number of cycles to identify different rates of cyclic hardening. The amount of 
cyclic hardening could be correlated to the decrease of the hardening-exponentcHT en after 
loading. It could be shown that there is no TRIP-effect when the steel is loaded at stress 
amplitudes beneath the fatigue limit where elastic deformation dominates. This is very important 
because of the required high dimension stability for components e.g. bearings. However, when 
the local stress is higher around an imperfection, the TRIP-effect is activated locally. In this case 
the TRIP-effect strengthens the matrix locally and induces compressive residual stresses and 
prevents or stops fatigue cracks. The increased damage tolerance of the TRIP-alloyed 
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SAE 52100 + 1.9 % A1 is confirmed with a minor effect of size and type of inclusions on the 
fatigue life time compared with standard SAE 52100. 
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Abstract 

Carbon base materials play a critical role in the performance of Hall-Heroult cell. The 
determination of their thermo-physical properties is of primary importance for modeling and 
designing complete cell systems. However, overcoming the associated experimental hurdles is 
complex and often underestimated. Of them are the Poisson's ratio measurements and the 
continuous oxidation/burning of the materials at temperatures above ~200°C. The novel 
procedure developed in this research is based on the Gleeble® 3800 system. Its vacuum chamber 
allows test with a chosen atmosphere at temperature of more than 1000°C. Young's modulus, 
Poisson's ratio and the coefficient of thermal expansion values can all be adequately measured 
using a single test. Cylindrical carbon samples (0 : 50mm, L: 100mm) were tested in the 
modified system at temperatures ranging from room to 950°C without any trace of oxidation. 
The resulting values were also in good agreement with literature data for a specific graphite 
material. 

Introduction 

Carbon base materials are a critical part of the production of aluminum worldwide as they 
compose the heart of the Hall-Heroult electrolysis cell; the anode and cathode. Cell performances 
depend significantly on their thermo-mechanical behavior during operation. Varying the 
manufacturing recipe to reach the higher performance can affect the basic thermo-physical 
properties of the components such as Young's modulus (E), Poisson's ratio (v) and the 
coefficient of thermal expansion (CTE) [1], Knowing precisely their resulting values at room and 
operating temperatures can be very useful. Small-scale testing combined with numerical 
simulation can select promising recipe and therefore limit costly physical implementation. 

However, measuring those properties is accompanied by many experimental challenges because 
the samples are quasi-brittle carbon based agglomerate, akin to ceramic, which oxidize readily at 
temperatures above ~200°C. Their microstructure is also heterogeneous at the millimeter scale 
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with some cracks and pores [2, 3], Also, the Poisson's ratio is already tricky to measure because 
of the very small associated displacement, even more so on brittle heterogeneous specimens 
which can be oxidized at high temperature. 

The scope of this study is to validate the use of the Gleeble® for testing carbon base materials. 
The necessary modifications and the testing procedure are first explained. Then, the setup 
validation is done against a known material accompanied by repeatability test on carbon samples. 
Since Joule effect heating gives a parabolic temperature distribution with possibly a large 
thermal gradient at the edge, the temperature profile is measured to ensure it isn't too large. The 
temperature evolution of E and v is measured at each targeted temperature on the same carbon 
sample, all within a two hours' time frame. After that, carbon samples are also compressed and 
broken to obtain complete strain-stress curves at specific temperatures. Finally, the CTE was 
extracted from the heating curve of a previous test. 

The Gleeble® 3800 system 

The Gleeble® 3800 system, partially shown on Figure 1, is a thermo-mechanical simulator that 
replicates processing conditions that occur during the manufacture/operation of a metallic 
material (welding, forging, cold rolling, etc). Its heating system is based on the Joule's effect 
which heat up the sample by passing a controlled amount of electric current through it. 

Figure 1: Work area of the Gleeble . On the right: vacuum chamber with compression setup. 

The Gleeble® covers a wide variety of testing applications like hot/warm compression testing, 
thermal cycling/heat treatment, dilatometry/phase transformation and many others [4], It offers a 
unique flexibility with configurable components that make it possible to overcome those 
difficulties. In this regard, it is possible to conduct a best suited compression test on brittle 
samples as it tends to close cracks and pores [5], The exerted force is up to 200kN and is carried 
out in an inert gas filled vacuum chamber to avoid the oxidation problem. The setup can be 
modified to use a cylindrical carbon sample of 100mm length by 50mm diameter which is large 
enough to display a sufficiently homogenous behavior (diameter of >10x biggest particle size) 
and produce larger displacement [6], The sample can be instrumented with two high temperature 
extensometers along with four thermocouples. As an added advantage, the Gleeble® has a very 
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low thermal inertia as only the sample is heated, giving fast turnaround time. All those features 
make the Gleeble® a prime candidate for high temperature testing of carbon base materials. 

Some modifications on the existing design were made to satisfy experimental requirements. 
Figure 2 shows the resulting assembly that goes inside the vacuum chamber (see Figure 1). 

Figure 2: Components and assembly view. 

First, the anvil assemblies were replaced by two customs made titanium 6A1-4V anvil of 50mm 
diameter able to resist temperature of up to 900°C. 

Second, a shield with 56mm inner diameter was machined out of a steel tube to protect the 
surrounding equipment from the radiated heat and from red hot flying fragments resulting from 
eventual sample failure. The shield was slotted to accommodate both of the B-l class axial (gage 
length 25mm, +12.5/-5mm) and B-2 class radial (gage length 50mm, ±6mm) extensometers as 
well as three thermocouples. It is lined with a disposable 3mm thick Fiberfrax® fired ceramic 
paper which serves as thermal and electrical insulator while also damping the specimen failure's 
shock to both extensometers without confining the sample. 

Third, arm and grip modifications were made on the two extensometers to accommodate for the 
relatively big sample size, both shown on Figure 3. They were subsequently calibrated to ensure 
that the modifications would not affect their accuracy. Hanging extensometer supports were put 
on the base of each side, averaging displacement and keeping the extensometers on the sample 
center, thereby avoiding lateral movement that would pollute the instruments reading. 

Figure 3: Axial (bottom) and radial (top) extensometer with arm/grip modifications. 

Finally, since no spherical seats are present to compensate off-axis load caused by small 
machining deviation, mechanical compliance was use. Therefore, two replaceable pure copper 
disks are put at the bottom of each anvil and disposable graphite foils are put on both sides 
between anvil and sample. This also provides good electrical contact for the load assembly. 
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Experimental procedure 

Preparation begins with the insertion of the Fiberfrax® paper on the inner shield wall and is fired 
30min in an oven at 500°C. After cooling, a machined sample is inserted inside and some 
Fiberfrax® is cut away to give sample access to the extensometers and thermocouples through the 
shield's holes. The sample is drilled ~4mm deep through the middle shield hole to enable the 
measure and control of the specimen temperature. A thermocouple is then inserted with a bit of 
high temperature carbon glue to give better thermal contact and securing it into place. 

The assembled shield is put inside the Gleeble® between the two anvils with a part resting on an 
insulating ceramic cord wrapped around both rims. The anvils are brought closer together and, 
before the full contact, two graphite foils 0.25mm thin by 50mm diameter are slid into place. The 
sample is centered after contact is made then a small preload is applied to stabilize the setup. The 
two extensometers are installed on the sample and suspended from their supports. 

After the instruments are connected, a pretest is carried out at room temperature with a stress 
level at around half the yield point. This test is an adaptation of the procedure for compression 
test of concrete to stabilize setup and insure all instruments behave properly [6], Once anomalies 
are corrected, the vacuum chamber is closed and filled with argon. Two kinds of tests were 
carried out: one using a single sample to repeatedly measure the elastic properties at 25, 400, 
500, 600, 700, 800 and 950°C with pretest load condition and the other to conduct the 
measurement trough failure for a temperature of 25, 600, 700, 800, 950°C. For both tests, the 
sample is heated at a rate of 15°C/min to the target temperature. After one minute holding time, 
the sample is compressed at lmm/min until half yield stress or failure. After the test, the sample 
is removed after cooling below burning temperature (~200°C). Subsequent inspections on the 
copper disks are made to verify their integrity and are replaced if noticeable damage is observed. 

Results and discussion 

Calibration tests 
For the first calibration, the AA6061 aluminum alloy was chosen owing to its availability and 
well known properties. If tested successfully, its high stiffness compared to carbon (~10x) would 
ensure good measure of mechanical properties on carbon material. The testing conditions were 
kept as close as possible to the carbon experiment with a sample of 100mm length by 50mm 
diameter tested at a rate of lmm/min up to 50MPa. However, the aluminum sample large 
diameter and low electrical resistivity doesn't allow any heating since it would quickly overheat 
the titanium anvil's base which has a smaller diameter and higher resistivity. Therefore, the tests 
were done only at room temperature. The obtained results are summarized in Table I. 

Table I: Measured E and v for AA6061 vs. literature (E = 69.7 GPa and v = 0.33) [7], 
Test number E (GPa) Error (%) V Error (%) 

1 65.3 -5.7 0.263 -20.2 
2 69.1 -0.9 0.307 -7.0 
3 68.5 -1.7 0.307 -7.1 
4 75.1 7.7 0.309 -6.4 
5 75.0 7.6 0.318 -3.7 
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The first test illustrates well why a pretest is needed after installation [6], The anomalies of test 
one were corrected by reinstalling both extensometers followed by a second and third tests which 
were more stable. A reinstallation of the extensometers was done before test 4 and 5 with no 
anomalies detected in the curves. The measured and literature values are in good agreement with 
an average deviation of E and v below 10%, which is more than needed for our purpose. To 
illustrate the measurement stability on an anodic carbon sample, a number of tests were made 
using the same sample with a reinstallation of instruments before each test. Figure 4 shows a 
representative stress-strain curve including radial and axial strain components for a room 
temperature test while Table II shows the compiled data. 

Table II: Elastic properties measure 
of an anode sample. 

Test no. E (GPa) V 
1 6.30 0.110 
2 6.67 0.121 
3 6.04 0.111 
4 6.76 0.119 
5 6.46 0.117 
6 6.12 0.115 
7 6.14 0.108 
8 5.96 0.113 

Mean 6.31 0.114 
St.d. 0.30 0.004 

Figure 4: Room temperature stress-strain and radial -
axial strain curve for an anode sample. 

As expected, the results show a linear elastic behavior for both properties. Yet, it can be seen that 
the radial extensometer tends to stay put at low load. If this behavior persists at higher load, the 
test must be discarded because of the polluted instrument reading that affect the Poisson's ratio. 

For the second calibration test, the thermal profile was measured in the middle hot zone of a 
carbon sample with three thermocouples placed at -15, 0, +15mm from the mid-length of the 
sample. The data was used to calculate the second order term, A, describing a parabolic 
temperature profile center on the sample mid length. It was then use to determine the total 
temperature gradient and the average temperature in between the axial extensometer legs which 
need to be as low and close as possible to the target temperature to assure that the studied sample 
behave like one at isotherm. The resulting values are listed in Table III. 

Table III: Thermal gradient at different test temperatures. 
Temperature 

(°C) 
AT at +/-15mm 

(°C) 
Temperature 

profile term A 
AT for a 25mm 
gage length (°C) 

Average temp, 
over 25mm (°C) 

400 -5 -0.022 -3 399 
500 -8 -0.034 -5 498 
600 -10 -0.046 -7 598 
700 -12 -0.054 -8 697 
800 -13 -0.052 -8 797 
950 -15 -0.068 -11 946 
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In the worst case at 950°C, the sample experiences a thermal gradient around -11°C with an 
average temperature of 946°C for a fourth of its total length which is excellent. This good 
performance is most probably due to the appropriate insulation provided by the steel shield and 
ceramic liner. Considering the material high thermo-physical stability and absence of transition 
temperature, testing in these conditions is fully satisfactory and should yield good results. 

Single sample used at multiple temperatures 
To determine evolution of a single sample's E and v with respect to temperature, it is possible to 
perform one mechanical load-unload cycles for each targeted temperature on the same carbon 
sample. This method provides greater repeatability than use to obtain results shown in Table 2 
since no instruments is manipulated after a measure and is best suited to determine the elastic 
properties at different temperatures. It is also very fast compared to conventional heating oven 
with all data available within 90 minutes after the beginning of the test. Three samples were 
tested with increasing temperature and the resulting value of E and v are shown on Figure 5 and 
6 respectively. 

Figure 5: Young's modulus at various Figure 6: Poisson's ratio at various 
temperatures. temperatures 

The Young's modulus shows remarkable stability as temperature increase and the room 
temperature results also compare well with other published data on anodic carbon material [8, 9], 
On the other hand, a small but significant downward trend is observed for the Poisson's ratio. 
Since samples are taken from the same anode, closer value of E would be expected considering 
the precision shown in Table 2. However, the anodic carbon orthotropic properties are well 
recognized and can largely cover this difference. Samples taken within a small region of an 
anode can display slight differences owing to density variation and anisotropy caused by the 
anode compaction process or simply because of their underlying heterogeneous nature [3], 

Trough failure high temperature tests 
To get an assessment of the behavior of carbon sample at different temperatures, 10 compression 
tests were carried-out until failure. Today, it is well known that the anodic carbon has a quasi-
brittle behavior with softening before failure, which is of prime importance and must now be 
taken into account during the optimisation process of cell design. In this regard, Figure 7 shows a 
stress-strain curve, representative of the behavior until failure of anodic carbon sample, while 
Figure 8 present the evolution of the ultimate and failure stress at different temperatures. 
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Figure 7: Representative stress-strain curve of Figure 8: Ultimate and failure stress of anodic 
an anodic carbon sample at 800°C. carbon samples at temperature. 

The ensuing data dispersion is relatively low but only two tests were performed per temperature. 
It is an accepted fact that the ultimate and failure strength of materials having defects like anode 
are best described by a Weibull distribution [3, 5, 9], Defining accurately such distribution to get 
valid trends require about 30 samples. Therefore, two tests can only give a rough estimate of the 
ultimate and failure stress, which are around 50 and 47 MPa respectively for all temperature. 

Thermal dilatation tests 
Last but not least, the CTE can also be extracted during the heating phase of a test. The 
dilatometry curve shown on Figure 9 was obtained using the axial extensometer data taken from 
failure tests at 950°C. It shows a linear expansion giving a CTE of about 5.19 xlO"6/K. This 
value is slightly above published data of around 4.5 xlO"6/K [9] for similar anodic carbon. A 
small deviation from that trend is detected at temperature below 200°C which can be explained 
by instability in the heating current at that stage. A higher preload could solve this issue. 

Figure 9: Dilatometry curve of an anode sample. 

Conclusion 

This paper presents a very interesting approach to obtain some of the thermo-mechanical 
properties of carbon base materials using the Gleeble® 3800 system. The proposed methodology 
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was firstly tested against an aluminum reference material at room temperature with good results 
and measurement of stability was also asserted. The mid-length hot zone of the samples had a 
thermal gradient of around -11°C with an average temperature within less than 5°C of any given 
testing temperature which assure a quasi isothermal behavior. Values of E, v, CTE as well as the 
ultimate and failure stress of anodic carbon have all been successfully obtained from a series of 
experiment from room to 950°C without any detectable oxidation of the samples. In light of this, 
the Gleeble® 3800 system is, with minor modification, very well suited to investigate the high 
temperature properties of carbon base materials. 
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Abstract 

A general challenge in metallic components is the need for materials research to improve the 

service lifetime of the structural tanks or tubes subjected to harsh environments or the storage 

medium for the products. One major problem is the formation of lightest chemical elements 

bubbles or different chemical association, which can have a significant impact on the mechanical 

properties and structural stability of materials. The high migration mobility of these light chemical 

elements in solids presents a challenge for experimental characterization. Here, we present work 

relating to an original non-destructive, with high spatial resolution, tomographic technique based 

on Scanning Mcrowave Microscopy (SMM), which is used to visualize in-depth chemical 

composition of solid solution of a light chemical element in a metal. The experiments showed the 

capacity of SMM to detect volume. Measurements realized at different frequencies give access to 

a tomographic study of the sample. 

Introduction 

The migration of light chemical elements in the metallic materials plays a key role in many 

phenomena like thermal oxidation. A wide range of technological applications is related to this 

topic: diffusion doping, fuel cells, surface treatment, and ultrapurification of gases, sintering or 

corrosion protection. The presence of some chemical diffusing species can strongly modify the 

mechanical properties of materials and can be a threat for the metal parts integrity. Measuring their 

spatial distribution is useful for understanding the mechanisms governing their diffusion, to 

identify the diffusion law by determining the parameters which govern it. The accurate 

measurement of light elements is not easy and often requires a heavy-duty experimental 

installation (nuclear microanalysis). Moreover, most of these techniques relies on surface 

measurements, induced by the interactions of an electron beam with the material and are thus 
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limited to few nanometers under the surface. So, the precise measurement of the concentration of 

light elements is impossible especially for very volatile species or when the surface contamination 

occurring during sample preparation cannot be avoided. The best examples are respectively the 

hydrogen in metals or the oxygen in reactive materials. Generally, the measurement corresponds 

to an average of the information obtained on a small volume (l|jm3 for EDS) including the 

contaminated surface, a fact that can present a substantial downside. 

In this article we present an original tomography method based on the Scanning Microwave 

Microscopy (SMM). To illustrate this original approach, we will first study the case of a calibrated 

sample composed of buried material. Then, we will focus on the complex case of the solid solution 

of oxygen in zirconium. 

Study of a calibrated sample 

Scanning Mcrowave Microscopy 

The Scanning Mcrowave Mcroscope (SMM) consists of an Atomic Force Microscope 

(AFM 5600LS, Agilent Technology) interfaced with a Vector Network Analyzer (VNA N5230A, 

Agilent Technology). A microwave signal is sent directly from the network analyzer and 

transmitted through a resonant circuit to a conductive AFM probe that is in contact with the sample 

being scanned. A half wavelength impedance transformer is placed directly across a 50 i i load to 

form a matched resonance circuit. The cantilever and the probe play here the role of a local radiant 

antenna for emission and reception of the electromagnetic field. By analogy with optics, the probe 

also serves as a receiver to capture the reflected microwave signal from the contact point. 

The reflected microwave signal is specific to the probe-sample interaction. A reflection coefficient 

(a complex number with magnitude and phase), which is the ratio between the incident and the 

reflected signals, gives an account of this interaction at the contact point. The magnitude and the 

phase of the ratio between the incident and the reflected signals are recorded simultaneously with 

the surface topography. The SMM typically operates at microwave frequencies of 300 MHz - 13 

GHz. 

The most important parameter lies in the choice of the conductive probe. The tips used are 

traditional AFM tips of silicon nitride Si3Nt (height: 3|im) of pyramidal form, associated with 

triangular levers (having a constant of stiffness ranging between 0.1 and 4 N.m"1), covered with a 

conductive layer of Pt/Ir mixture (100 nm thick). 
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To characterize a sample in its thickness, it is necessary to use several frequencies. From 

the electromagnetic wave propagation properties in the metallic materials, it is possible to estimate 

the investigation depth by application of the "skin effect". 

Indeed, this physical phenomenon shows that the electromagnetic wave of high frequency has a 

weaker power of penetration in a metal sample than that of low frequency: 

with 8 the skin thickness, fio the magnetic permeability of vacuum (471.10"7), fir the permeability 

relating to the conductor, er the electric conductivity (in S.m_1),/the frequency (in Hz). 

JttJIJI 

Figure 1. Penetration depth of electromagnetic wave in a copper cylinder according to the 
frequency. 

Results 
In order to evaluate the influence of microwave frequency on the investigation depth a 

calibrated sample was carried out by Electron Beam Lithography (EBL) by using a Scanning 

Electron Microscope (SEM) coupled to a device of lithography management RAITH. 

The sample consists of L-shaped patterns of 30 nm depth were filled with aluminum (Al) film of 

20 nm thickness. Then, a nickel (Ni) layer of 95 nm thickness was evaporated in order to cover 

these structures. Thus, we obtained buried structures of Al under a calibrated layer of Ni (figure 

2(a)). AFM observations at this final step show the surface of patterns (with a height difference of 

10 nm at the sample surface). On the topography (figure 2(b)), the outline of the patterns appears 

with a more important contrast. 

Nevertheless, to show that the surface is only composed of nickel, an image of friction (scan at 

90° compared to the classic direction) was carried out on this sample. Indeed, the phenomenon of 

friction allows the observation of differences of materials on a surface. On figure 2(c), it appears 

clearly that the substrate and the patterns are of the same composition since the color contrast is 

identical on the scale bar. 
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Figure 2. Calibrated sample: buried structures of aluminum under a calibrated nickel layer. 
(a)Schematic of the buried structures of A1 (b) AFM image: topography. Scan size: 10 (im2. 
Relative height: 75 nm. (c) AFM image: friction. Scan size: 10 [im2. Friction scale: 0.2 V. 

This sample requires the use of a large range of frequency in order to obtain a complete cartography 

on a representative thickness of the sample. For that, it is necessary to estimate the depths invested 

compared to the frequencies used. Knowing the magnetic permeability and the electric 

conductivity of nickel (material constituting the superior layer of the sample) and by applying the 

"skin effect" (see equation (1)), the values of depths corresponding to the various frequencies were 

calculated (figure 3). 

The microwave images of phase obtained at various frequencies (f) are presented in 

Figure3. For f = 4.485 GHz (3 =80 nm), the SMM image of phase doesn't show any difference in 

color contrast at this depth. We are in the presence of a single and homogeneous material (nickel). 

For f = 3.852 GHz (3 =90 nm), the scanned plane is located just at the top of A1 patterns, in the 

bottom of the layer of nickel. The SMM image of phase shows a light contrast of color between 

the Ni substrate and the proximity of the A1 patterns, thus revealing different materials. Another 

significant observation relates to the outline of the patterns, which appears with a contrast of color 

much more distinguishable. This observation highlights a difference in materials nature since they 

are composed of residual PMMA resin whose physical properties are completely different from 

those of Ni and Al. For f =1.878 GHz (3= 120 nm), the scanned plane is located inside the A1 

patterns. The SMM phase image clearly shows a difference in nature between the interior of the 

patterns (Al) and the Si substrate, being a semiconductor and having a weaker electric conductivity 

than that of metals. Its differences of properties are found on the SMM image on the level of the 

color contrast. For f=1.831 GHz corresponding to an investigation depth of 125 nm, the scanned 

plane is located just below Al patterns, in the Si substrate. On the SMM phase image, there is no 

difference in contrast between the interior of the patterns and the Si substrate. This means that the 

SMM image represents only the Si substrate. This sample made it possible to correlate the depth 
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invested at the frequency used. Thus, an in-depth cartography could be carried out on a 

representative thickness of the sample. 

Figure 3. SMM images (phase) of buried A1 under a calibrated Ni layer at different frequencies. 
Scan size: 10 [im2. Phase scale: 0.1 deg. 
(a) SMM image of phase at 4.485 GHz. (b) SMM image of phase at 3.852 GHz. (c) SMM image 
of phase at 2.103 GHz. (d) SMM image of phase at 1.878 GHz. (e) SMM image of phase at 1.831 
GHz. 

Characterization of oxygen diffusion in zirconium 

Here, we are going to focus on the case of the diffusion of a light chemical element 

(oxygen) in a metal lattice (zirconium). We propose in this paragraph a novel method for in-depth 

investigation of material properties that is not influenced by the surface pollution. 

Zirconium surface is very reactive under normal conditions and undergoes oxidation. This leads 

to the formation of a contamination layer, which may go up to several nanometers. A conventional 

technique to characterize the diffusion profile of an element inside a metal (with its percentage) 

by going under the polluted surface is Nuclear Reaction Analysis (NRA). 

However the NRA technique presents limitation in the resolution. In fact the NRA results are 

obtained with a lateral resolution imposed by accelerator beam size (about 3 x 3 [im2 and a depth 

of 3 (im) for a step scan size of 2 (im between each measure point. Also this measurement 

represents an average value. In this part, we are going to compare the results obtained by SMM 

and by NRA. By SMM, the lateral resolution is superior, since between two measure points, the 

step scan size is 100 nm for a 20 nm contact radius. 

Experimental procedure 

The oxidation of commercial pure zirconium plates (99.2% Zr from Goodfellow) is 

considered in this study. This choice of this material is driven by the significant solubility of 

oxygen in the zirconium, which is about 29 atomic percent. They were first annealed at 750 °C 

under a secondary vacuum for 2 hours and oxidized in air under atmospheric pressure at 650°C 
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for 72 hours. After oxidation, the samples were transversely polished, and analyzed by SMM. 

These results are next compared to those obtained by Nuclear Reaction Analysis (NRA). 

The SMM images are acquired on a scan area of 80 (im X 80 (im with 515 pixel per ligne. 

The frequencies of investigation used are chosen to scan a region under the polluted sub-surface 

between 3 and 7 [im. Thus we avoid the influence of the polluted surface. We focus in this study 

mainly on the oxygen-enriched metal zone. 

The Nuclear Reaction Analysis was made at the Institut Rayonnement Matière de Saclay, France, 

and used a Van De Graaff linear accelerator (maximum 3.7 MeV). 

Results 

SMM measurements were performed for three different frequencies (2.21 GHz, 6.87 GHz and 

11.83 GHz) that represent three investigation depths (6.8 (im, 3.9 (im and 3 (im) calculated from 

the relationship of skin effect given by Eq.l. A schematic representation of the sample studied is 

given in Fig.4a The topographical image of the sample shows well the transition zone between 

ZrC>2 and the other part of the sample without any distinction of the Zr-O and Zr presence. 

Moreover, one can observe on the cross-section related to this topographical image a more 

important roughness on the Zr02 area (this additional roughness is due to polishing). 

Figure 4. Schematic and AFM images (topography and phase) of the oxygen enriched Zr. 
(a) Schematic of the analyzed sample (b) AFM topography image of the analyzed area. Scan size: 
80 |jm2. (c) SMM image of phase at 6.87 GHz. Scan size: 80 [im2. (d) AFM topography image of 
pure Zr. Scan size: 80 [im2. (e) SMM image of phase at 6.87 GHz of pure Zr area. Scan size: 80 
[im2. 
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The SMM phase images can be seen in Fig. b) c) d). The phase shift images (completely different 

from the topographical images) clearly show a change in the phase signal. This variation, for the 

material used here is introduced solely by a conductivity variation of the material since the relative 

permeability of Zr is equal to 1. Only the oxygen dissolution in the zirconium lattice produces 

variations of the conductivity. 

Along the pure Zr area, one can notice that the phase shift signal remains flat and constant. So the 

phase variation observed previously can only come from the diffusion of oxygen inside the metal 

lattice of Zr. 

In support to these results we compared them to the measurements obtained by NRA. The cross-

sections of the phase SMM images realized at three different frequencies are superimposed on the 

NRA result (Fig.5). 

One can see that the curves are in excellent agreement with the NRA profile, both in tendency and 

in the diffusion length (about 18 (im). Moreover, one can highlight a linear relationship between 

the phase shift measured by SMM and the percentage of oxygen diffused in Zr measured by NRA. 

This relationship can be expressed as following: 

<p = K(c) c (2) 

With i~p the phase shift, c the oxygen concentration and K(c) the proportionality factor which can 

be function of the concentration. 

Furthermore, by referring with a white dashed line the border between Zr0 2 and Zr-O, one can 

observe an evolution of the border's position depending on the frequency (and thus of the depth). 

(Fig.5).This highlights the inhomogeneous nature of the boundary in the volume can only be 

achieved only by this tomographic SMM measurement. 
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Figure 5. Superimposition of the cross-section obtained from SMM measurement at different 
frequencies - Comparison with NRA results. 

Conclusion 

A s a conclusion, SMM technique allows the detection of sub-surface defects with high resolution. 

By varying the frequency one can have access to different depth in the sample volume and to know 

the depth position where the defect is buried. SMM also permits the characterization of a chemical 

specie gradient dissolved in a metal lattice (here presented with the diffusion of oxygen in 

zirconium). With this technique one can have access to volume information under the pollution 

layer without any sample preparation. The cartography of the oxygen distribution inside the 

zirconium has been realized at different depths. These results have been compared to those 

obtained by NRA and show an excellent concordance of the length of diffusion measured. 

Moreover, we notice a linear relationship between the phase shift measured by SMM and the 

oxygen concentration determined by NRA. 

Acknowledgment 

The authors thank the financial support of the Conseil Regional de Bourgogne, Institute Carnot 

ARTS, LabeX Action "Integrated Smart System", CNRS and European Regional Development 

Fund Feder. The authors thank Dr. Luc Lavisse (ICB UMR 6303 - Dijon FRANCE) for his help 

to access NRA technique. 

72 



Characterization 
of Minerals, Metals, 
and Materials 2015 

Characterization of 
Material Processing 

and Corrosion 

Session Chairs: 
Wenjing Li 

Florian Nürnberger 





Characterization of Minerals, Metals, and Materials 2015 
Edited by: John S. Carpenter, Chenguang Bai, Juan Pablo Escobedo, Jiann-Yang Hwang, Shadia Ikhmayies, 

BowenLi, JianLi, Sergio Neves Monteiro, Zhiwei Peng, and Mingming Zhang 
TMS (The Minerals, Metals & Materials Society), 2015 

COMPARSION OF THE MECHANISMS OF VOID FORMATION BY 
PLASTIC DEFORMATION IN SINGLE- AND DUAL-PHASE BCC-

STEELS 

Gregory Gerstein1, Hans-Bernward Besserer1, Florian Nürnberger1, Hans Jürgen Maier1 

Leibniz Universität Hannover, Institute of Materials Science (Werkstoffkunde) 
An der Universität 2, 30823 Garbsen, Germany 

Keywords: Ductile damage, Ductile fracture, Damage mechanism, Voids, DC04, DP600 

Abstract 

The formation and development of voids in both the single-phase ferritic steel DC04 and the 
dual-phase ferritic-martensitic steel DP600 are discussed. Various mechanisms and kinetics of 
void formation are considered regarding the influence of dislocation glide, precipitates and other 
parameters. Different characteristic locations in the microstructure are investigated at which 
strain concentrations during plastic deformation can occur and cause the formation of voids and 
microcracks. For the specimen preparation ion slope cutting is applied. Voids and cracks 
revealing ductile damage are analyzed by Scanning Electron Mcroscopy (SEM). Stress 
concentrations in consequence of plastic deformation could be shown by extinction contours on 
images recorded by Transmission Electron Mcroscopy (TEM). 

Introduction 

The ductile damage of a material resulting from plastic deformation can be characterized by the 
initiation and development of microscopic voids [1, 2], Gurson 1977 developed a model to 
characterize the plastic deformation behavior of porous metals [3], In this model the volume 
fraction of pores is considered as an additional, internal variable. This model was extended by 
Tvergaard and Needleman to a theory for pore initiation and development [4, 5], It is of major 
relevance to know the microstructural state as a function of the level of deformation, particularly 
for optimizing manufactured work pieces produced by forming processes. Moreover, the 
microstructural processes, which are responsible for the initiation, growth and coalescence of 
pores, must be analysed and quantifiable with respect to the level of deformation. This is 
necessary in order to be able to estimate, for example, the component's fatigue life. Various 
mechanisms are responsible for initiating pores, and these differ particularly for single and multi-
phase materials. 

Scientific work on single-phase materials 

With the aid of electron microscopy, it was possible to verify that brittle inclusions in the matrix 
material fracture during forming operations and thus minute internal voids initiate in the region 
of the inclusions' fracture surfaces [6, 7], Besides particle fracture, voids can also occur by means 
of decohesion between the particle and the matrix material. For single-phase steels having a 
ferritic microstructure, it has previously been shown that non-metallic [8] or carbide-like [9] 
inclusions are essentially responsible for initiating pores. It was also possible to show that the 
fracture of particulate inclusions is responsible for causing the occurrence of intercrystalline 
brittle fracture in high-strength aluminum alloys [10], 
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Scientific work on dual-phase materials 

Two different types of pore initiation can be generally differentiated for dual-phase, ferritic-
martensitic steels; such as the DP600. On the one hand, fracture of the martensitic needles occur 
which leads in turn to internal pore initiation in these hard phase fractions. This case is 
comparable to the fracture of inclusions in a single-phase material (see above). 
On the other hand, decohesion at the phase boundaries can occur between the ferrite and 
martensite [11], In a detailed study, it was also possible for Kadkhodapour to verify the latter 
case for the dual-phase steel DP600 [12, 13]: Pore formation at the grain boundaries between 
adjacent ferrite grains together with subsequent potential growth to a ferrite-martensite grain 
boundary, pore formation in direct proximity to martensite particles, pore formation due to 
decohesion at a ferrite-martensite phase boundary and, as Tasan also found, rare cases of pore 
formation due to broken martensite particles. 

Mechanism of void initiation 

The formation of pores at inclusions, grains and phase boundaries can be explained according to 
the theories of Griffith and Stroh [14, 15], During the deformation of materials, stress 
concentrations occur at the tips of cracks or inclusions. These stress concentrations are 
responsible for the material's local decohesion and the formation of a cavity or a microcrack. 
According to Stroh, dislocations, which initially typically accumulate at inclusions, grain and 
phase boundaries, lead to a local stress concentration during plastic deformation. 

Experiments and Analytical Methods 

In the current work, the mechanisms of ductile damage and microstructural changes are 
investigated as a consequence of plastic deformation of the single-phase ferritic steel DC04 and 
the dual-phase ferritic-martensitic steel DP600. Local stress concentrations indicating a later pore 
formation are of interest during the investigations. The chemical compositions of both steels are 
given in Table 1. For the investigation, flat tensile specimens of both DC04 and DP600, which 
were deformed in a Zwick 100 universal testing machine with optical strain measurement 
according to the DIN EN ISO 6892-1 standard, were analyzed as well as samples from a 
workpiece of DC04 produced by a deep drawing process. 

Table I. Constituent elements in weight percent [wt%] of the steel DC04 and DP600 
Element/ 

Steel 
C M n Cu Ni Cr M o AI Ti V S Si Fe 

DC04 0.015 0.192 0.06 0.047 0.02 0.003 0.037 0.026 0.024 0.005 0.003 bal. 

DP600 0.10 1.4 - < 1.0 < 1.0 < 1.0 
0.02-
0.06 - - 0.008 0.15 bal. 

Specimen preparation 

To prepare the surfaces for the investigation, conventional methods such as grinding and 
polishing were not employed to reveal the internal material pores. During grinding, smearing 
effects occur which render cavity analyses impossible. 
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For this reason, specimens were initially polished and subsequently treated by ion slope cutting 
using an ion-polishing system made by the company Gatan type Met Etch. In this way, minute 
layers can be removed from the previously polished surface using ion bombardment without 
closing the pores by smearing. By selectively removing material, this procedure yields a relief on 
the specimen's surface which is typical for imaging using microscopy but which does not 
influence the analysis of pore volumes. 

Microscopy 

The microscopic examination was performed with an in-lens detector in a scanning electron 
microscope (SEM) - Zeiss Supra VP55. This type of detector retrieves a high density of 
information from secondary electrons emitted from the layer adjacent to the surface. By means 
of this, a high resolution is obtained in the scanning electron microscope for a relatively low 
voltage and thus a reduced penetration depth. In this way, pores can be imaged very well since 
their boundary generally appears brighter due to the edge effect. An undesirable effect is that 
contaminations are also more intensely imaged by the in-lens detector. This effect can impede 
the analysis and, as the case may be, make it necessary to specially clean the specimen. 
The dislocation's microstructural development due to loading is investigated in this work with 
the help of TEM. For this purpose, TEM foils in the form of flat disks with a diameter of 3 mm 
and a thickness of approximately 500 (im were cut from the center of the deformed samples' 
deformation zone by wire eroding. These disks' thicknesses were mechanically reduced to 
100 (im and electropolished on both sides. All TEM investigations were conducted using a 
JEOL JEM 2010 transmission electron microscope with a 200 kV electron gun. 

Results and Discussion 

In the following, the results of the SEM and TEM investigations of the DC04 and DP600 
specimens are presented. Using the SEM images, pores are revealed and attributed to 
characteristic locations in the microstructure. 
Fig. 1 shows the microstructures of the DC04 (Fig. la and b) and DP600 (Fig. lc and d) in their 
deformed states. Fig. 2a depicts small round pores in the ferritic microstructure of the DC04. No 
clear precipitates or inclusions can be seen at which these pores could have initiated. For this 
reason, grain boundaries are assumed to be the initiators which are also seen in the ion-polished 
reliefs. Fig. lb shows converging shear bands in DC04 which can also favor the initiation of 
pores. For the DP600, incipient microcracks are already visible in Fig. lc which connect minute 
pores with each other. A manganese sulfide MnS precipitate in DP600 is depicted in Fig. Id. 
Within this precipitate, cracks have initiated in which incipient voids have formed. 

77 



Figure 1. SEM images of defects in deformed steel DC04 and DP600 
a) voids in steel DC04 
b) void and microcrack formation in steel DC04 at the crossings of shear bands 
c) void at microcrack in steel DP600, 
d) void formation in steel DP600 around and within a fractured MnS precipitate 

A fractographic analysis of the tensile specimens' surfaces of both steels provides additional 
information on the characteristic microstructural locations at which pores develop. A tensile 
specimen's fracture surface provides a possible insight into the material's state following loading 
to the maximum level of deformation. Fig. 2 shows a comparison of the fracture surfaces of 
DC04 and DP600. 

Figure 2. Fracture surfaces of tensile test specimens elongated until failure of 
a) steel DC04, breaking elongation 44.7 %, accumulation of pores at the grain boundaries, and 
b) steel DP600, breaking elongation 26.2 %, additional accumulation of smaller pores in the 
grain 
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The fracture surface of DC04 (Fig. 2a) depicts a crystalline inclusion whose size is approx. 
2-3 |xm. The matrix material yields a honeycomb structured fractograph in which pores are 
located particularly at the boundary surface to the precipitation. The fracture surface of DP600 
shows more, finely distributed pores within the grains (Fig. 2b). 

Rough calculation of the energy contribution by stress concentrators 

In order to be able to represent the contribution from the lattice defects to changes in the pore 
volume, the energy can be estimated which is theoretically available in the microstructure for 
pore formation. The boundary surfaces considered here are the grain and phase boundaries as 
well as the interfaces between precipitates and the matrix. For this purpose, two limiting cases 
can be differentiated: 
In the first case, the boundary surfaces are assumed to be stress-free and have no intrinsic energy. 
In this case, the boundary surface energy results from the dislocations piled-up at the boundary 
surface. By assuming that about every thousandth atom belongs to a boundary surface, results in 
a total microstructural boundary surface of approx. 105 cm/cm"2 (corresponding to one cm3 of 
material volume). On assuming a surface energy density for the boundary surface of 10"4 J/cm2, 
the total boundary surface energy amounts to 10 J/cm3. This energy corresponds, to the total 
energy of the dislocations in the crystal, which can be estimated as having a dislocation density 
in the order of 1011 cm/cm3 [16]. 
For the second limiting case, we assume that the grain boundaries represent the total energy or 
source of stress in the microstructure. The number of dislocations which form the boundary 
surface is considerably smaller than the total number of dislocations. It follows from this that the 
dislocations at the boundary surfaces only possess a smaller fraction of energy than those 
dislocations which lie in the grain's interior. Thus for this case, the dislocations which are free 
and randomly arranged in the crystal convey a considerably larger fraction of energy via lattice 
defects than those at the boundary surfaces. As a consequence of this, an elevated number of 
pores would accumulate in the grain's interior. Here, the fracture of brittle precipitates in the 
microstructure can not be taken into consideration. This theory forms the physical basis for 
modeling pore initiation during plastic deformation. 
The investigations on single-phase DC04 and dual-phase DP600 have shown that voids occur 
both at boundary surfaces and in the grain's interior. Therefor none of these two assumptions can 
be clearly verified. In further investigations it has to be analyzed if accumulations of stress 
induced misorientations and structure compressions can be shown at different characteristic 
places in the microstructure around voids. 

The occurrence of stress concentrations can be qualitatively verified by using extinction contours 
in TEM images, as depicted in Fig. 3. The Fig. 3a shows various extinction contours but one 
goes clearly along precipitations in the ferritic matrix. In Fig. 3b a martensite needle in the 
DP600 is shown, around whose tip dark lines stand out from the ferritic matrix. These lines 
become closer at the martensite needle's tip and thus provide verification of a zone in which the 
crystal lattice has been distorted due to elevated stresses. 
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Figure 3. TEM images of steel 
a) DC04 with extinction contours along precipitations and 
b) DP600 with a concentration of extinction contours around tip of a martensitic needle 

In the models of Griffith and Stroll, these mechanisms of damage development are described 
using the assumption that the local stress concentration is the cause of the initiation of pores and 
microcracks. Here, it should also be noted that not only tangential stresses develop at the tip of 
dislocation pile-up but also normal stresses occur in the region below and above the slip bands. 
In this way, a separating effect exists along the dislocation pile-ups. 

Whilst the single-phase materials form these stress accumulations at grain boundaries and 
inclusions, these effects are comparatively smaller for dual-phase materials. The investigations 
of the DP600 demonstrated pore initiation especially at phase boundaries, and therefore at a 
transition from regions of differing hardness or toughness. 

Conclusions 

The initiation mechanisms differ for pores in single and in dual-phase steels. In both cases, pore 
formation occurs due to local stress concentrations. Whilst pore initiation cumulatively occurs at 
inclusions or grain boundaries in single-phase steels, phase boundaries are also responsible for 
both stress concentrations and pore initiation in multi-phase materials. Moreover, the fracture of 
brittle particle inclusions or zones of hard phases can be established for both groups of materials. 
However, the fraction of pores initiated by the fracture of particles is lower for multi-phase than 
for single-phase materials. 
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Abstract 

In order to make a complete understanding of steel plant metallurgical dusts and to realize the 
goal of zero-waste, a study of their properties was undertaken. For these purposes, samples of 
two sintering dusts (SD), two blast furnace dusts (BFD), and one electric arc furnace dust (EAFD) 
taken from the regular production process were subjected to a series of tests. The tests were 
carried out by using granulometry analysis, chemical analysis, X-ray diffraction (XRD), 
scanning electron microscopy (SEM), energy dispersive spectroscopy via SEM (EDS), and 
Fourier transform infrared spectroscopy (FTIR). The dominant elements having an advantage of 
reuse are Fe, K, CI, Zn, C. The dominant mineralogical phases identified in sintering dust are 
KC1, Fe203, CaC03, CaMg(C03)2, NaCl, Si02. Mineralogical phases exist in blast furnace dust 
are Fe203, Fe304, with small amount of KC1 and kaolinite coexist. While in electric arc furnace 
dust, Fe304 , ZnFe204, CaC03, CaO, Ca(OH)2 are detected. 

Introduction 

Since 2008, with procurement costs of raw materials and fuels continued to rise, steel plant 
production yearly overcapacity and the Chinese government's strict requirements in energy 
conservation and emission reduction, Chinese steel industry profit margins become smallest 
among the industry. Key steel enterprises profit margin was only 0.62% in 2013. 
China's crude steel production in 2013 was 779 million metric tons, which accounted for about 
73.6% of Asia steel production and 49.2% of the world steel production. So much steel 
production also brought a lot of metallurgical dust, such as, sintering dust, blast furnace dust, 
electric arc furnace dust and so on. Since 1980 the United States enacted laws placing the steel 
plant metallurgical dust under toxic waste, study of metallurgical dust abroad was earlier than 
China approximately 30 years. In order to save the cost, metallurgical dust has gradually become 
a major research focus in recent years. 
Statistics shows that every one ton of sinter production will generate 20 to 40 kg of sintering 
dusts; every one ton of hot metal will produce 15 to 50 kg of blast furnace dusts; and every one 
ton of liquid steel will produce 10 to 20 kg of EAF dusts. [1] The output of metallurgical dust is 
huge as the steel production is enormous in China every year. Generally speaking, metallurgical 
dust has complex chemical component, very fine particles, and high content of valuable or 
harmful elements. How to handle the metallurgical dust and recover the valuable metals from 
them are very important at the present period not only for the resource and economy but also for 
the environment. To make full use of them, it is necessary to develop a new recycling process, 
which requires full understanding of basic mineralogy characteristics of these dusts. 
This paper presents characterization results on dust samples collected from steelmaking process. 
These results can help future studies on their use as secondary materials in steelmaking process. 
The dusts contain two kinds of sintering dusts, two kinds of blast furnace dusts and one electric 
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arc furnace dust. 

Experimental 

To investigate the basic mineralogy characteristics of zinc-bearing dusts in steel industry, five 
kinds of dusts were sampled from three steel companies, including three from Bao Steel, one 
from Shougang Group and one from Guofeng Steel. They are sintering dust, blast furnace dust 
and carbon steel electric arc furnace dust from Bao Steel, blast furnace dust from Shougang 
Group and sintering dust from Guofeng Steel. 
The samples were homogenized and successive quartering provided 1kg of each sample. All 
samples were dried for 8 h at 378 K and stored in a desiccator. 
The dust granulometry distribution and the mean size of its particles were evaluated. A laser 
granulometer model SEISHIN LMS-30 from Japan was used, with anhydrous ethanol as 
dispersing medium. On one hand, the mineral elements of the dusts were detected using an X-ray 
fluorescence spectrometer (XRF-1800, Shimadzu, Japan). On the other hand, Total C in dust 
samples was determined by the Carbon and sulfur analyzer (EMIA-820V, Horiba, Japan). The 
blast furnace dusts sample was mixed with certain quantity of analytical grade silica reagents to 
meet detection limit of carbon content of the machine (max. 6%). The main compounds and 
present phases of the dusts were performed by X-ray diffraction analysis (Dmax-RB 12kW, 
Rigaku, Japan). X-ray patterns of samples powdered to 300 meshes operating with Cu tube, 
continuous scanning, working at 40 kV and 150 mA, with scanning among 20 (between 10° and 
90°). Scanning electron microscopy (SEM) with X-ray energy dispersive spectrometry (EDS) 
was conducted to gain further knowledge of the dust particles structure, morphology and their 
chemical composition. FTIR spectra were collected on an Infrared spectroscopy (NEXUS 670-
FTIR, Nicolet, America), on KBr pellets, between 4000 and 400 cm 1 with a 4 cm 1 resolution 
and 32 scans. 

Results and discussion 

Granulometry Analysis 

Figure 1 presents the particle size distributions of the five dusts. Particle size and granulometry 
specific surface area characteristics are also listed in Table I. X10, X50, X90 refers to the 
corresponding size when cumulative particle size distribution reaches 10%, 50%o and 90%o, 
respectively. 
Sintering dusts have an average particle size between 12.550 and 13.774 micron, and the particle 
size are all less than 200 mesh. The particle size distribution curve of blast furnace dusts are in 
most right position. Furthermore, blast furnace dust from Baosteel is significantly coarser than 
the one from Shougang, probably due to different operating processes or dust removal devices. 
The mean particle diameter of EAFD determined by laser granulometer is 1.469 micron, which is 
in agreement with previous works. [2-3] In contrast, EAFD has a relatively heterogeneous 
distribution of particle size, where 100%o have size between 0.33 and 4.24 micron, with 
granularity specific surface area up to 6.141 m2/cm3. 
Peng et al. pointed out that 50%o volume of particles in sintering dusts is below 10 micron, and 
the other half is between 10 and 54.64 micron. [4] N. Menad and H. Tayibi pointed out that the 
dust particles generated from sinter plants are finer than blast furnace emissions. [5] It is 
important to note that the effective filtering of microscopical sized particles and aerosols is a 
major problem, for which no solution exists for a long time. Wang indicated that blast furnace 
gravity and baghouse dusts have an average particle diameter of 159.23 micron and 26.23 micron, 
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respectively. [6] 
These lower granulometry of the dusts favours their use as secondary raw material in the 
production of some materials, because it has the advantage of elimination of the grinding stage. 
In terms of particle size, mechanical separation method is not suitable for processing EAFD. 

(a) SD-Guo; (b) SD-Bao; (c) BFD-Shou; (d)BFD-Bao; (e) EAFD. 
Figure 1. Particle size distribution of dust samples 

Table I. Particle size and specific surface area of dust samples 

Samples X10(nm) X50(nm) X90(nm) Average particle size 
( f u n ) 

Specific surface area 
(m2/cm3) 

SD-Guo 3.494 11.632 27.042 13.774 0.912 
SD-Bao 1.900 9.566 27.830 12.550 1.547 

BFD-Shou 1.912 16.057 67.206 26.373 1.427 
BFD-Bao 4.277 38.259 116.586 51.015 0.567 

EAFD 0.686 1.277 2.480 1.469 6.141 

Chemical Analysis 

The chemical composition of dusts depends on the dust species, technological and operating 
conditions and the degree of return of the dust into the process. The results of the chemical 
analysis of the dust samples are shown in Table II. As can be seen, the dusts contain 30 different 
elements, and the common elements are Fe, O, Ca, Mg, Si, Al, K, Na, Zn, Pb, CI, S and C. In 
general, the contents of potassium, sodium, lead, sulfur and chlorine in the particles from the 
sintering process are higher than particles from other processes. The main components of the 
EAF dust in the present study are 4 4 . 8 1 % iron, 9 . 3 2 % > zinc and 9 . 2 4 % o calcium. Due to high 
water solubility, potassium and sodium elements in sintering dust are suitable for extracting by 
hydrometallurgical. While zinc in the electric arc furnace dust has an advantage to be recycled by 
pyrometallurgical owe to its lower volatilization temperature. Carbon in blast furnace dusts is 
about 20%, indicating that iron oxides can be directly reduced under high temperature. In 
addition, Chen et al. found that electric arc furnace dust had 7.02 ± 0.69 percent of chlorine 
element. [7] 
Most elements in the dusts exist in the form of oxides. In fact, basicity is an important parameter 
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during iron oxide reduction, and it has an 
effect on metallic iron whisker formation 
and growth. [8] Ternary basicity represents 
the mass ration of (w (CaO) + w (MgO)) / w 
(Si02). It can be calculated that ternary 
basicity of the five dusts in Table II from 
left to right is 2.45, 3.05, 0.80, 0.42 and 4.98, 
respectively. Wang et al. concluded that the 
favorable ternary basicity is 0.9 in pellets 
containing dusts and carbon. [9] 

Table II. The chemical composition of dust 
samples 

Wt. % 
Element SD- SD- BFD- BFD- EAFD Guo Bao Shou Bao EAFD 

Fe 29.89 28.47 37.27 44.28 44.81 
O 25.34 24.66 29.59 26.93 28.95 
Ca 7.82 6.50 2.07 2.09 9.24 
Si 2.50 1.57 2.32 3.63 1.31 
Al 1.33 0.92 1.34 2.10 0.14 

Mg 1.30 0.70 0.66 0.27 0.62 
Mn 0.24 0.13 - 0.08 2.23 
K 8.50 9.52 0.73 0.06 0.79 
Na 2.04 2.56 0.47 0.08 -

Zn 0.18 0.05 1.43 - 9.32 
Pb 1.31 1.01 0.23 0.23 0.19 
Cu 0.05 0.09 - - 0.05 
Ti 0.09 - - 0.09 0.05 
Cr 0.08 0.06 - 0.01 0.35 
Ni 0.03 0.02 - - 0.02 
Rb 0.06 - - - -

Ra 0.03 - - - -

Se - 0.03 - - -

Cs - 0.02 - - -

Tl - 0.02 - - -

Mo - - - - 0.02 
Sn - - - - 0.02 
V - - - - 0.01 
s 1.09 2.45 0.68 0.38 0.35 
p 0.05 0.04 0.03 0.13 0.13 
CI 13.44 15.43 2.02 0.05 0.74 
F - 0.39 - - -

Br 0.14 0.31 - - -

I 0.05 0.08 - - -

C 4.46 4.97 21.14 19.59 0.65 
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X-Rav Diffraction Analysis 

Figure 2 shows the X-ray diffraction pattern of the dust samples. As it can be seen, ZnFe2C>4, 
Fe3C>4, CaCC>3, CaO are present in the EAFD sample. The main phases in blast furnace dust are 
Fe203^ Fe304^ Si02 , and a small amount of KC1 is found to be existed in blast furnace dust 
from Shougang. Sintering dust shows clear diffraction peak of KC1 and Fe203 , and some 
information about NaCl > CaC03 > CaMg(C03)2 and Si02 . Peng et al. indicated that, the 
possible mechanism of KC1 formation is that the iron ore which contain potassium element 
become into potassium silicate after going through reduction ^ oxidation reaction, and then 
reacted with calcium chloride converting into KC1 at last. [4] Chen et al. also found KC1, NaCl in 
EAFD. [7] 

Scanning Electron Microscopy and Micro-Analysis 

Scanning electron micro-structural examination of the five dusts microstructure was performed 
and the results are shown in Figure 3. The chemical composition at spots designated by numbers 
in part (a) to (e) was investigated using EDS. For a summary of EDS results refers to Table III. 

(a) SD-Guo; (b) SD-Bao; (c) BFD-Shou; (d)BFD-Bao; (e) EAFD. 
Figure 3. Scanning electron microscopy and micro-analysis of dust samples 

Based on these microphotographs and the results of X-ray energy dispersive spectrometry (EDS), 
it can be seen that the samples are not homogeneous. In Figure 3, the morphological aspect of the 
samples is first shown. Sintering dusts appear to relatively loosely agglomerated, and some of 
them are bright under SEM. Irregular shape is also reflected in blast furnace dusts, but their 
particle size are large than sintering dusts, which could be clarified by Figure 1. BF dust from 
Shougang has a maximum degree in reunited. Different from the others, most particles in EAFD 
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are spherical. It is in agreement with the main generation mechanism, i.e., ejection of the slag 
and metal particles by bubble-burst. [10-11] This morphology has also been observed in previous 
works. [2] [12-13] Submicron particles are uniformly distributed in the range of vision, with 
some of them covering the surface of the bigger balls. 
For sintering dust, it can be concluded that the smooth, black particles are carbon. The gray black 
massive particles are iron oxides. KC1 largely distributed in gray fine and bright particles, which 
contains calcium and iron oxides. Some lead compounds coexsit with KC1. 
For blast furnace dust, the smooth, black particles are coke fines or pulverized coal. The 
ingredient in white aggregates is a large proportion of iron oxides and some gangue. Spots 1,2, 3 
in part (d) of Figure 3 indicate that some carbon particles emerge alone; some were partly 
wrapped by iron oxides. In addition, spots 1, 2 in part (c) of Figure 3 instruct that some carbon 
particles were almost entirely wrapped by iron oxides. 

Table III. Summary of SEM image and spot analysis 
SEM image Spot Major elements Minor elements Possible phases 

1 Fe, O Ca, K, CI FexOy 

SD-Guo 2 
3 

Pb, Cl, K, O 
Fe, O 

Fe, Ca KC1, PbCl2, Pb(OH)Cl, CaxFeyOz 

Ca, CI, K, Si CaxFeyOz, KC1 
4 Fe, O, Cl, K Ca, S CaxFevOz, KC1 
1 Fe, O Al, Ca, Si, Mg FexOy 

SD-Bao 2 
3 

Fe, O, Ca 
K, CI 

S, CI, Si, Al, K, Mg CaxFeyOz 

KC1 
4 O, Ca, Fe Mg, Al CaO, FexOy, CaxFeyOz 

BFD-Shou 1 C O C BFD-Shou 2 Fe, O Ca, Mg, Si, Al, Zn, CI FexOy, ZnO, Cax(Mg, AlX,SiOz 

1 C O, Al C 
2 Fe, O Ca, Si FexOy, CaxFeySiOz 

BFD-Bao 3 Fe, O Al, Ca, Si FexOy, CaxAlySiOz 

4 Fe, O C FexOy, C 
5 Fe, O Ca FexOy, CaxFevOz 
1 Fe, O, Ca Zn, Na FexOy, ZnFe204, CaO 

EAFD 2 Fe, O, Ca Zn FexOy, ZnFe204, CaO 
3 Fe, O, Zn Ca FexOy, ZnFe204, CaxFeyOz 

For electric arc furnace dust, the smooth, spherical particles are mainly occupied by iron oxides. 
With the increase of attachments at the surface of the ball, Ca and Zn content rise. The EDS 
analysis of submicron particles shows that it contains ZnFe204^ Fe3C>4 and small amount of 
CaFe204 . 

FTIR Spectra Analysis 

The infrared spectra of all dusts can be seen in Figure 4. All spectra present a broad band, around 
3425 cm 1 due to the O - H stretch of hydrogen bonded water. O - H bend of hydrogen bonded 
water is also found near 1621 cm The sharp band located at 3642 cm 1 in part (e) confirmed 
that calcium hydroxide only exists in EAFD. Kaolinite may mixed in the sintering dust from 
Guofeng and blast furnace dust from Baosteel for small peaks around 3696 cm 1 and 914 cm 
Asymmetric stretching vibration and out of plane bending vibration feature from all samples 
reveal that carbonate presences in every dust. The bands in the region from 1110 to 1000 cm 1 

and 799 cm 1 are assigned to Si -O stretch vibrations, while the peaks around 546 and 466 cm 1 

belong to Si -O bend vibrations. The bands located at 571, 440 cm 1 in EAFD are arranged to 
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vibrations of spinels ( A B 2 O 4 ) . In both spectra of sintering dusts, the bands around 3138 cm and 
2950 cm are assigned to C - H stretch of aliphatic carbon chain indicating the presence of 
organic matter. The peak at 1152 cm 1 in sintering dusts and blast furnace dust from Shougang 
may contribute to C-O stretch by dioxins. 
F.M. Martins et al. determined the infrared spectra of weathered and recent electric arc furnace 
dust, but they did not find Ca(OH)2 in EAFD. [14] 
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Figure 4. FTIR spectra of samples prepared as KBr pellets 

Conclusions 

(1) The mean particle diameter of SD, BFD, EAFD are 12.550 - 13.774 (xm, 26.373 - 51.015 (xm, 
and 1.469 ¡im, respectively. 
(2) Fe, K, CI are present in SD with about 29%, 9% and 14%; Fe, C are present in BFD with 
about 40% and 20%, Fe, Zn, Ca are being in EAFD with 44.81%, 9.32% and 9.24%, respectively. 
(3) XRD technique shows that: the dominant mineralogical phases in SD are KC1, Fe203, CaC03, 
CaMg(C03)2, NaCl, Si02. Mineralogical phases in BFD contain Fe203, Fe304 and small amount 
of KC1. Fe304, ZnFe204, CaC03, CaO are detected in EAFD. C was not discovered. 
(4) SEM and EDS analysis obtains that: potassium and zinc elements are abundant in dispersed 
fine particles in SD and EAFD, respectively. Some carbon particles emerge alone, some partly 
wrapped iron oxides, and other carbon particles almost entirely wrapped iron oxides. 
(5) FTIR spectra analysis demonstrates that calcium hydroxide and spinel exist in EAFD, 
kaolinite present in the SD from Guofeng and BFD from Baosteel, organic matter containing 
dioxins and polycyclic aromatic hydrocarbons both emerge in SD. In addition, carbonate exists 
in every dust. 
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Abstract 

The mineralogical characteristics of iron ores can influence their high temperature sintering 
performance. In this study, eight iron ore samples from Brazil, Australia, and South Africa were 
characterized by their chemical composition, mineral types, particle morphology, and gangue 
dispersity. Meanwhile the influence rules between the mineralogical characteristics and the high 
temperature characteristics were evaluated and analyzed. The results showed that the effect of 
Si02 on assimilation characteristic of iron ores was relatively complex, AI2O3 and LOI of iron 
ores had negative correlation with assimilation temperature of iron ores, the dense slab-flaky 
mineral granule restrained to the assimilation characteristics of iron ores; liquid phase of iron 
ores with high SiC>2 content and low AI2O3 content had high fluidity, and the higher dispersity of 
gangue minerals in iron ores was good to the fluidity of liquid phase. 

Introduction 

Iron ore fines are important raw material for sintering. Its basic characteristics would influence 
the yield and quality of sintering product. Therefore, it's necessary to study fundamental features 
of iron ore to improve the quality of sinter. The basic characteristics of iron ore include the 
mineralogical characteristics of iron ore (e.g. the raw material condition, micro-characteristic) 
and the high temperature characteristics of iron ore (e.g. assimilation, liquid phase fluidity). 
Research shows that the high temperature properties of iron ore fines, such as assimilation 
characteristics and liquid phase fluidity, played an important role in behaviors at high 
temperature during sintering and had important influence on quality of sinter [1, 2], There is 
evidence of a relationship between the mineralogical characteristics of iron ore and its high 
temperature characteristics. And through these researches, can summarize some impact rules to 
guide the sintering manufacturing practice. However, few of researchers study the micro-
characteristics of iron ore influences the high temperature properties. 
Therefore, in this paper, based on mini-sintering test experiments, the high temperature 
characteristics of eight import iron ore fines which commonly used in China were measured. 
Then compared and analyzed the effect of mineralogical properties of iron ore fines, particularly 
the micro-characteristics, on the assimilation characteristics and liquid phase fluidity. 

Experimental 

Experimental Materials 
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The chemical compositions of the eight kinds of imported iron ore fines are shown in Table I. 
IOA-IOD are from Brazil, IOE-IOG are from Australia, IOH is from South African. 

Table I. Chemical Compositions of Iron Ore Powders 
Ore TFe FeO Si02 CaO AI2O3 MgO LOI 
IOA 63.42 0.59 5.64 0.01 1.34 0.06 1.81 
IOB 63.10 0.73 5.56 0.06 0.97 0.27 1.86 
IOC 64.14 0.58 5.19 0.02 0.86 0.07 1.68 
IOD 64.81 0.17 2.77 0.02 1.24 0.06 2.12 
IOE 58.60 0.20 4.44 0.04 1.63 0.07 10.07 
IOF 61.44 0.29 3.68 0.03 2.26 0.08 5.45 
IOG 60.77 0.32 4.19 0.02 2.28 0.06 6.07 
IOH 64.44 0.32 5.21 0.11 1.33 0.03 0.55 

* Mass Fraction 

Experiment Method 

In this experiment, XRD and SEM methods were employed to analyze mineral composition, 
micro-structure of iron ore. The mini-sintering test equipment (as shown in Figure 1) was used to 
research assimilation temperature and liquid phase fluidity of the iron ore, the concrete steps are 
as follows. 

Figure 1. Mni-sintering test equipment 

Assimilation Characteristics. The lowest assimilation temperature (LAT) in the interface of the 
iron ore fines and CaO reagents was measured to evaluate the assimilation capacity of different 
iron ore. The lower LAT indicated the stronger the assimilation characteristics it was. The CaO 
and ore fines were extruded to two cakes respectively, and the ore cake was positioned on the 
CaO cake. Then the sample was heated in air according to the sintering temperature variation 
curve. The start of melting was taken as the start of assimilation, and the lowest start reaction 
temperature of different iron ore were measured. The sketch map of the test for assimilation 
capacity is shown in Figure 2 [1—3]. 
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Figure 2. Schematic diagram of the assimilation capacity experiment 

Fluidity of Liquid Phase. The index of fluidity of liquid phase (IFL) of the sample composed of 
different iron ore fines and CaO reagents was used to evaluate the liquid phase fluidity. The 
lower IFL, the poorer the liquid phase fluidity is. The ore and CaO were mixed according to 
binary basicity was 4.0, and then extruded into a cylindrical cake sample. The vertical projected 
area of the cake after the test was measured to calculate the index of fluidity of liquid phase 
(IFL). The sketch map of the experiment for the liquid phase fluidity is shown in Figure 3. The 
IFL is the data which the projected area of the sample after heated decrease the projected area of 
the sample before heated, divide the projected area of the sample being before heated [4], 

Figure 3. Schematic diagram of the fluidity experiment 

Results and Discussion 

The results of XRD (shown in Figure 4), assimilation and liquid phase fluidity of the 8 kinds of 
iron ore are shown in Table II. 

Table II. Results of XRD,LAT and FI of Iron Ore Fines 

Ore Iron-containing minerals 
Gangue minerals 

LAT/°C 
IFL/-

(1280°C) Ore Iron-containing minerals Si Al LAT/°C 
IFL/-

(1280°C) 
IOA Hematite and few goethite Quartz Gibbsite 1263 1.949 
IOB Hematite and few goethite Quartz Gibbsite 1290 2.183 
IOC Hematite and few goethite Quartz Gibbsite 1285 1.917 
IOD Hematite and few goethite Quartz Gibbsite 1270 0.000 
IOE Goethite and few hematite Quartz kaolinite 1215 1.824 
IOF Hematite and goethite Quartz kaolinite 1235 1.123 
IOG Hematite and goethite Quartz Gibbsite 1225 1.656 
IOH Hematite Quartz kaolinite 1237 2.859 

93 



2Theta(theta/deg) 

Figure 4. X-ray diffraction spectra of iron ores 

Influence of Mineralogical Characteristics on Assimilation 

Effect of Chemical Composition. The main chemical composition factors which influence the 
assimilation temperature were the content of SiC>2, A I 2 O 3 and LOI (shown in Figure 5). 
According to the previous research [3], the more SiC>2, the higher assimilation temperature the 
ore was. However, this law was adapted when the S i02 less than 4.5 mass%. With the resources 
of iron ore become inferior grade, gangue content ascend, for some iron ores, the content of SiC>2 
has climbed around to 6 mass%. Figure 5-A is shown the relationship between SiC>2 contents of 
the iron ores and their LATs. It manifested that SiC>2 contents were not a simple linear 
relationship with LATs. In the condition of SiC>2 content under a value (e.g. w(Si02)=4.5%),the 
LATs become higher with more SiC>2 in ores; When exceed the value, the law was contrasted to 
the previous. This was thought that increased SiC>2 content has benefited to produce low melting 
point substances, such as the series of Fe203-Ca0-SiC>2 eutectic melt, its melting point is 1192°C. 
But with the content of SiC>2 continued to increase and arrived at higher level, the SiC>2 was 
relative excess, and then produced higher melting point substances, such as the series of CaO-
Si02 . Moreover, SiC>2 elevated the melting point of the system, as SiC>2 was a high melting point 
substance. 
The relationships between the content of A I 2 O 3 , LOI and the LATs are illustrated in Figure 5-B 
and 5-C, respectively. When A I 2 O 3 content and LOI of iron ores increased, their LATs showed a 
descending trend. 
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Figure 5. Influence of Si02, A1203 and LOI on LATs 

The increased of A1203 promoted to produce low melting point substance, SFCA, moreover, the 
primary SFCA enhanced the contact between CaO cake and ore particles, improved the chemical 
kinetic parameters. Therefore, it reduced the LATs. The iron ores of high LOI commonly 
possessed loosen structure and higher porosity [5],such as limonite, after the crystal water and 
carbonate resolved. This improved dynamic condition of Ca2+ diffuseness through increased 
reaction contact area, thus promoted to produce low melting point materials, lessened the LATs. 

Effect of Mineral Types. Iron-containing mineral types largely influenced its assimilation 
characteristics. Different types of minerals have obviously distinction in aspect of assimilation, 
as shown in Figure 6-A. Because of the limonite has loosen and porosity structure, the 
assimilation reaction dynamic condition was better than hematite. According to the compare in 
Figure 6-A, this order of assimilation capacity for the different iron mineral types is: Limonite> 
Half-Limonite> Hematite. 

Figure 6. Comparison of the LATs of iron-containing and gangue minerals 

Figure 6-B indicated gangue mineral types also have some influences on assimilation 
characteristics, though it's not notable as iron-minerals. In general, the assimilation temperature 
of iron ore fines which gangue minerals are quartz and gibbsite were higher than gangue 
minerals are quartz and kaolinite. The reactivity of kaolinite was higher than gibbsite [6], result 
into the LATs were lower. In addition, IOG was a special case which needed to be researched 
further. 

Effect of Particle Morphology. Through microscopy observed the particle morphologies of iron 
ores, as shown in Figure 7 indicated that granules of IOB and IOC have dense slab-flaky 
structure. Compared IOB, IOC with IOA, have similar chemical composition and same mineral 
types, but LAT of IOA was obviously lower than IOB and IOC. It indicated the dense slab-flaky 
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granules have inhibition function to assimilation characteristics. Not only because the dense and 
glazed surfaces of particles dropped down kinetics condition of the reaction with CaO, but also 
they could cause more void in iron ore fines cake, influenced the contact of iron ore granules, the 
primary melted liquid couldn't father developed. Therefore, influence the assimilation 
temperatures of ores. The results shown the iron ore granules have bulk or pisolitic structure 
which have good uniformity would have better assimilation characteristics. 

Fig 7. Images of particle morphologies of iron ore fines 

Influence of Mineralogical Characteristics on Liquid Phase Fluidity 

Effect of Chemical Composition. The influence tendencies of SiC>2, A I 2 O 3 and LOI on liquid 
phase fluidity were respectively shown in Figures 8. According to Figure 8-A shown the IFLs 
ascend with the increase of SiC>2. Because a certain amount of SiC>2 were benefited to produce 
low temperature substances, such as a series of Fe203-Ca0-SiC>2 mixture or SFCA, accelerated 
to liquid phase generate, enhanced the IFLs. For another, in the situation of fixed binary basicity, 
the additive amount of CaO was proportional to Si02 content. The increased content of CaO 
promoted to produce low melting point materials, thus it enhanced liquid phase fluidity [7, 8], 

3.5 4.0 4.5 5.0 5.5 6.0 0.8 1.0 1.2 1.6 1.8 2.0 2.2 2.4 0 1 2 3 5 6 7 8 0 10 11 

w(Si02)% w(AI203)% w(LOI)% 

Figure 8. Relationship between SiÛ2, Al2Û3,LOI and the IFLs 

With A I 2 O 3 content increased, IFLs descended, as shown in Figure 8-B. The content of A I 2 O 3 has 
dual function to liquid phase fluidity. On the one hand, A I 2 O 3 is benefit to produce SFCA which 
is low melting point, enhanced the liquid phase fluidity capacity. On the other hands, A I 2 O 3 is a 
high melting substance, with the content ascended, the melting point of liquid phase also arose, 
meanwhile, increased the viscosity of liquid phase. 
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In addition, the content of LOI also influenced the fluidity of iron ore. As the Figure 8-C 
indicated that the IFLs descend with the LOI content ascend. Because of the iron ore fines 
formed new gaps and holes after calcination process. Primary liquid generated and penetrated 
into cracks, decreased the volume of outflow liquid phase, descended the fluidity index [9], 

Effect of Gangue Minerals. In this study, Si02 of iron ore fines main exist modes was quartz, and 
AI2O3 was gibbsite or kaolinite. The previous researches shown [2,4], the gangues in the form of 
clay minerals have higher reactivity. It could enhance the liquid phase fluidity. Kaolinite belongs 
to clay minerals. It has higher reactivity and easier produced low melting point liquids than 
gibbsite. Compared with the 4 ores (IOA, IOB, IOC, IOH) which have similar content of Si02 

(shown in Figure 9), the results correspond with this law. 

Figure 9. Comparison of the IFLs of gangue minerals 

Effect of Gangue Dispersitv. Adopted iron ore of IOA, IOB and IOC which own the similar 
chemical component and the same mineral types to compare to the influence of gangue dispersity 
on liquid phase fluidity. The research founded that the gangues of IOA and IOC were relatively 
concentrated and the sizes were bigger. The gangues of IOB were tiny and tight integrated with 
iron minerals, as shown in Figure 10. The quartz granules could obviously find in ore of IOA and 
IOC. 

Figure 10. SEM images of IOA, IOB and IOC 

According to the results of LATs and IFLs of the iron ores, IOB has the highest LAT of 1290 °C. 
This is an indication that the IOB needs a higher temperature to melt and produce liquid phase. 
Under the same heating mechanism, it should have produced less liquid phases. But the IFL of 
IOB is the highest in these ores. Even though the LATs of IOA and IOC were lower than IOB, 
and they would have produced more liquid phases than IOB, but the gangues of IOA and IOC 
were concentrated and the sizes were bigger. The gangue granules could not completely 
dissolved into liquid phase in the relatively short time. These gangue particles in the liquid phase 
would ascend the viscosity of liquid phase [10], hindered the flowing. 
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Conclusions 

In summary, the main factors which influence of mineralogical characteristics of iron ore on 
assimilation characteristics and liquid phase fluidity were chemical composition, mineral types, 
particles morphology and gangue dispersity. w(Si02)%<4.5, the assimilation characteristics of 
iron ores arose with the increased of Si02, but dropped down if the excessive content of Si02. 
A1203 and LOI were conducive to assimilation characteristics, but not propitious for fluidity of 
liquid phase. Gangues exited mainly in the form of kaolinite would better than gibbsite to liquid 
phase fluidity capacities. In the micro-characteristics of iron ores aspect, the dense slab-flaky 
granules of iron ores inhibited the assimilation capacities in dynamics conditions, and 
independently accumulated gangue particles which have digger sizes restrained the liquid phase 
fluidity. 
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Abstract 

One of the major challenges for the Canadian Gen IV Super-Critical Water-cooled Reactor 
(SCWR) concept is the selection of fuel cladding materials. The Canadian SCWR concept will 
operate at a core outlet temperature of 625 °C and 25 MPa of pressure with peak cladding 
temperature reaching as high as 800 °C. Corrosion resistance is an important factor for material 
selection. Austenitic stainless steels that contain Cr contents greater than 18 wt.% are generally 
considered to provide adequate corrosion resistance. In this work, the pressure dependence of 
the corrosion of austenitic stainless steel 310 containing 24 wt% Cr is assessed at 625 °C for 
exposures of 1000 hours to evaluate the suitability of superheated steam as a surrogate for 
supercritical water at 25 MPa. Transmission Electron Mcroscopy (TEM) revealed that 310 
exposed to different pressure conditions at 625 °C. (i.e., 0.1, 8 and 29 MPa) had generally the 
same type of the oxide structure, i.e., a Cr-rich oxide with the spinel structure on outer surface 
adjacent to the water phase. The material exposed at 8 and 29 MPa had a double layer oxide 
structure, with the outer oxide layer having a much larger grain size, while the samples exposed 
at 0.1 MPa showed only a single spinel-phase oxide layer. Cr-depleted recrystallized austenite 
grains were found underneath the spinel phase oxide. The adjacent large-grained austenite 
substrate had M23C6 carbides in the grain interior. The implications of these results are 
discussed. 

Introduction 

As a member of the Generation IV International Forum (GIF), Canada has chosen to focus on the 
development of the Super-Critical Water-cooled Reactor (SCWR) system, one of six systems 
that best fits Canada's expertise, technical capabilities and potential interests. The Generation IV 
Canadian SCWR concept is an extremely energy-efficient advanced reactor that is targeted to 
come on line in about 2030. Development of a new reactor design for deployment in this time-
frame requires a significant research and development effort. 

The current Canadian SCWR concept has a core outlet temperature of 650 °C at 25 MPa with a 
peak cladding temperature as high as 800 °C. High-temperature mechanical properties, 
corrosion resistance, stress-corrosion cracking (SCC) and radiation damage are some of the key 
factors in selecting materials for fuel cladding applications. 
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Allen et al. [1] summarized the SCW corrosion resistance of the major alloy groups. Most of the 
reported test data have been obtained at temperatures below 650 °C as this is close to the 
expected peak cladding temperature for most SCWR concepts other than the Canadian one. In 
general, the most corrosion-resistant alloys under SCWR conditions contain high concentrations 
of Cr (> 18 wt.%); these include austenitic steels such as 304, 310H, 800H, and the Ni-based 
Alloy 625. Cho and Kimura [2, 3] examined the weight gain for alloys containing a range of Cr 
content and found that increasing amounts of Cr led to decreasing weight gain. Ni alloys have 
excellent mechanical properties at high temperatures [4-6], but may be more susceptible to SCC 
in SCW. Helium production in alloys containing a large amount of Ni may also be an issue. 

As the peak cladding temperature of the Canadian SCWR concept is 800 °C, corrosion data are 
required up to this temperature. While no autoclave exists that can operate above about 700 °C 
at supercritical pressures, Guzonas and Cook [7] have argued that at temperatures well above the 
critical temperature, 'superheated steam'1 and SCW are essentially the same fluid, differing only 
in density. As part of a larger study to assess the use of superheated steam at 0.1 MPa as a 
surrogate for SCW at 25 MPa for scoping studies of corrosion at 800 °C, an austenitic stainless 
steel 310 containing 24 wt.% Cr was tested for its corrosion resistance at 625 °C for 1000 hours 
at 0.1 MPa (supercritical temperature and low pressure), 8 MPa (supercritical temperature and 
high but subcritical pressure) and 29 MPa. TEM analyses were performed to examine the 
changes in oxide microstructure as a function of water density at constant temperature. 

Experimental 

The austenitic stainless steel 310 samples were cut from bar stock and manually ground with 600 
grit abrasive paper. They were properly cleaned, baked for 2 hours at 200 °C, and weighed and 
dimensioned before corrosion exposures. The chemical composition of the stainless steel is 
shown in Table 1. 

Table 1 Nominal chemical composition of 310 austenitic stainless steel (wt.%o) 
c Mn S P Cr Si Ni Fe 

0.25 2.00 0.030 0.045 24.0 to 26.0 1.50 19.0 to 22.0 Balance 

The specimens were exposed to water at 625 °C at 8 MPa and 29 MPa for 1000 hours in a static 
autoclave at Carlton University, Ottawa, Canada. The test samples were held in place by a 
sample tree during exposure. Exposure at 625 °C and 0.1 MPa was carried out by placing the 
samples in ceramic tubes through which steam passed in a furnace. The coupons were weighed 
after the corrosion test and the weight change of the specimens before and after exposures and 
the mass change per unit area were calculated. Electron-transparent cross-section TEM foils 
were prepared using a dual-beam Focused Ion Beam (FIB) using a conventional H-bar lift out 
technique [8, 9], Mcrostructure characterization was performed using a FEI-CM 30 TEM 
operated at 300 keV. Energy dispersive X-ray (EDX) and electron diffraction analyses were 
performed to determine the phases present in the oxidized samples. 

Results 

Basic metallography and Scanning Electron Microscopy (SEM) work was reported elsewhere 
[10], The weight change measurements showed very little weight gain after exposure at 0.1 and 

1 'Superheated steam' is steam at temperatures above the saturation temperature. 
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29 MPa for 1000 hours, while exposure at 8 MPa resulted in more than a one order of magnitude 
greater weight gain, as shown in Figure 1 [10]. 

Figure 1 Weight change of austenitic stainless steel 310 exposed at different pressures at 625 °C 
for 1000 hours (0.1 MPa, 8 MPa and 29 MPa) [10], 

Figure 2 shows the SEM images of the surface oxides on the samples reported in [10]. For the 
sample tested at 29 MPa, a uniform layer of oxide covered the whole sample surface, with a few 
larger octahedral particles randomly distributed over the uniform oxide layer (Figure 2 (a)). The 
surface of the sample exposed at 8 MPa was covered with a higher density of large octahedral 
particles with a uniform layer of small oxide particles underneath, Figure 2 (b). The morphology 
of the oxide on the sample exposed at 0.1 MPa was featureless, Figure 2 (c), in distinct contrast 
from those produced in other two conditions. 

Figure 2 SEM micrographs showing the surface morphologies of the austenitic stainless steel 
310 after exposures at 625 °C for 1000 hours at (a) 29 MPa; (b) 8 MPa and (c) 0.1 MPa [10], 

Figure 3 (a) and (b) are the cross-section TEM images of the surface corrosion from the sample 
after 1000 hours at 625 °C at 29 MPa. The surface oxide is made up of two layers of Cr-rich 
spinel (~55 wt.% Cr) with a total thickness of about 1 [im. The chemical composition of these 
two spinel phases are almost identical, Table 2; but the outer layer has a larger grain size, about 
0.3 to 0.4 (im in diameter, and these grains were distributed randomly. The inner layer spinel 
phase had much smaller grain size and was uniformly distributed. This observation is consistent 
with the SEM results shown in Figure 2 (a). Figure 3 (b) is a region of the oxide cross section 
that shows the two distinct layers of spinel-structure oxide (arrowed area in Figure 3 (a)). A 
layer of Cr-depleted recrystallized austenite grains (—10 wt.% Cr) was found between the y-
austenite substrate and the small-grained spinel phase. 
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Figure 3 TEM images of the cross sections from the austenitic stainless steel 310 samples 
exposed for 1000 hours at 29 MPa, 625 °C. 

Table 2 EDX analyses of the surface oxide and austenite matrix exposed at 29 MPa, 625 °C for 
1000 hours 

Chemical com position (wt.%) 
O Si Cr Mn Fe Ni 

Outer Layer Spinel Phase 33.11 - 56.17 6.09 3.73 0.90 
Inner Layer Spinel Phase 33.10 - 53.37 5.19 6.29 1.57 

Recrystallized y - 3.20 10.08 - 63.35 23.57 
Matrix y - 1.19 25.67 1.70 52.48 18.96 

Figure 4 TEM images of the cross sections from the austenitic stainless steel 310 samples 
exposed at 625 °C for 1000 hours at (a) 8 MPa and (b) 0.1 MPa. 

Table 3 EDX analyses of the surface oxide and austenite matrix exposed to subcritical water for 
1000 hours at 8 MPa, 625 °C 

Chemical composition (wt. %) 
O Si Cr Mn Fe Ni 

Outer Layer Spinel Phase 22.25 0.27 24.15 3.72 48.18 1.90 
Inner Layer Spinel Phase 30.91 4.08 40.22 2.56 10.72 12.34 

Recrystallized y - 0.88 9.86 2.68 61.33 27.04 
Matrix y - 1.42 25.00 1.64 52.30 19.64 

102 



The surface oxide on the sample exposed at 8 MPa also had a double layer structure consisting of 
two spinel structure oxides, Figure 4 (a), but the total thickness of the oxide layers is much 
higher (~ 8 (im). Significantly, the outer layer spinel had a lower Cr content (~ 24 wt.%) than 
that of the second layer, which contained about 40 wt.%, Table 3. 

Unlike the two samples exposed at 29 and 8 MPa, the surface oxide of the sample exposed at 0.1 
MPa consisted of only one layer of Cr-rich spinel (~ 42 wt.%) with a thickness of - 0.2 [im. A 
continuous layer of silica was found just underneath the single spinel phase layer on the sample 
exposed at 0.1 MPa, as shown in the EDX element maps in Figure 5 (a). However, at 8 and 29 
MPa the silica appears in the recrystallized small austenite grain layers and concentrated along 
the grain boundaries, e.g., Figure 5 (b) from the sample exposed at 8 MPa. The chemical 
composition for the sample exposed at 0.1 MPa is given in Table 4. 

Figure 5 High angle annular dark field (HAADF) image and EDX maps of the austenitic 
stainless steel 310 sample after exposed at (a) 0.1 MPa and (b) 8 MPa. 

Table 4 EDX analyses of the surface oxide and austenite matrix exposed at 0.1 MPa at 625 °C 
for 1000 hours 

Chemical composition (wt.%) 
O Si Cr Mn Fe Ni 

Outer Layer Spinel Phase 33.26 1.71 42.52 8.57 14.19 6.37 
Si02 Layer 50.37 49.30 0.33 - - -

Recrystallized y - - 13.38 - 63.57 22.29 
Matrix y - 1.43 25.89 1.75 52.00 18.93 

In all three samples, M23C6 carbide precipitates were found in the interior of the substrate 
austenite. Figure 6 (a) gives a dark field image of grain matrix taken from the sample exposed at 
8 MPa, showing precipitated carbide M23C6 in the grain interior at B= <-114>y // <-114>M23C( . 
The SAD pattern shown in Figure 6 (a) indicates that the M23C6 carbide and austenite substrate 
have the same orientation relationship, and the lattice parameters of the carbide are three times 
greater than those of the austenite matrix. In addition, some individual M23C6 carbide grains 
were found between the recrystallized small austenite grains. Figure 6 (b) shows an example of 
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M23C6 grains found in the middle of the recrystallized austenite layer from the sample exposed at 
29 MPa after 1000 hours. The carbide M23C6 contains much more Cr (65 wt.%) compared to the 
adjacent recrystallized small grain austenite (10 wt.%) and substrate matrix (25 wt.%) as shown 
in Table 2. No intermetallic <7 (sigma) phase was identified in any of the three samples. Table 5 
summarizes the surface layers of the austenitic stainless steel 310 samples after exposure at 0.1, 
8 and 29 MPa at 625 °C for 1000 hours. 

Figure 6 (a) Dark field TEM image with B=<-114>y //<-l 14>M23C6, showing precipitated M23Q 
in the grain interior of austenite matrix of the sample exposed at 8 MPa, 625 °C for 1000 hours 

(Note that the circled spot in the SAD is the carbide reflection used for the dark field image.); (b) 
Cross-section TEM image of surface corrosion tested at 625 °C, 29 MPa after 1000 hours, 
showing the carbide formed in the middle of recrystallized austenite layer, B=<012> M23C6-

Table 5 Summary of the structure layers of the austenite stainless steel 310 sample exposed to 
the different pressures at 625 °C for 1000 hours 

Exposure 
pressure 
(MPa) 

Surface oxide layer Recrystallized grain layer Matrix 
(substrate) 

Exposure 
pressure 
(MPa) 

Structure Thickness ( Jim) Structure Thickness 
Matrix 

(substrate) 
Exposure 
pressure 
(MPa) 

Structure 
Outer Inner 

Structure Thickness 
Matrix 

(substrate) 

29 Spinel 0.5 0.4 y w/t M23C6 2 nm y with M23C6 
8 Spinel 4.2 3.3 y w/t M23C6 8 jim y with M23C6 

0.1 Spinel 0.2 y w/t M23C6 1 nm y with M23C6 

Discussion 

Samples tested at all three pressures developed a Cr-rich spinel layer that provided the substrate 
material some protection from further oxidation, and there was a depletion of Cr in the 
recrystallized y layer. Thus, Cr diffuses outwards during oxidation process, causing Cr depletion 
in subsurface layer. The sample tested at 8 MPa had the thickest surface oxide, while the sample 
tested at 0.1 MPa showed the thinnest oxide. The electron diffraction indicates that the spinel 
phase in all three conditions have essentially the same lattice parameters (diamond cubic, 
a=b=c=0.851 nm and a=p=y=90°). The inner spinel phase layer formed at 8 and 29 MPa and the 
single spinel phase oxide formed at 0.1 MPa had roughly similar compositions (Tables 2, 3 and 
4), containing 40-56 wt.% Cr and only 4-14 wt.% Fe. It is this inner oxide layer that provides 
the corrosion protection by acting as a barrier to diffusion of reactants and products to and from 
the water. In contrast, the outer oxide composition showed a much greater dependence on the 
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pressure, ranging from no outer oxide at 0.1 MPa to a very Fe-rich layer at 8 MPa. The 
similarity of the inner layer compositions and thickness at different pressures suggests that 
corrosion testing in superheated steam will give results in qualitative agreement with those 
expected at 25 MPa (SCWR operating pressure), and confirms that superheated steam at 0.1 MPa 
is a suitable surrogate for SCW corrosion testing. 

Phase stability is an important aspect for fuel cladding material selections in the SCWR 
condition. Carbide and sigma phase can be formed in austenitic stainless steel when using at 
400-900 °C for a long period of time [11], In all the three samples, carbide precipitates were 
observed in the austenitic substrate, and some individual M23C6 carbide grains were also found 
between the recrystallized small austenite grains as shown in Figure 6. However, no 
intermetallic CT (sigma) phase was identified in any of the three samples. The precipitation of 
both the M23C6 carbide and CT phase are diffusion-controlled phase transformations, and the Cr 
atom had an important effect on the acceleration of the precipitation rate of the M23C6 carbide 
and CT phase [12, 13]. Weiss et al. [11] reported that the M23C6 carbides appeared in 316 
austentic stainless steel (17 % Cr) after very short times at 400-900 °C while CT (sigma) phase 
was formed only after aging times longer than 1000 hours. At 650 °C, CT phase formation in an 
austenitic stainless steel that contains 25% Cr and 22%o Ni (similar to 310) only starts after 100 
hours, and the transformation could take 10,000 hours to complete [14]. In addition, the 
formation of the Cr-rich carbide may further prolong initiation of the Cr-rich CT phase formation 
in the current tested 310 samples. However, carbide precipitation may cause the embrittlement 
and loss of toughness. 

It is known that Si improves the high temperature oxidation resistance of stainless steel in air by 
forming a continuous vitreous silica layer at the interface between the scale and metal; the silica 
layer can act as a diffusion barrier to provide better high temperature corrosion resistance [15, 
16]. The continuous silica layer formed on the sample exposed at 0.1 MPa may have provided 
increased corrosion protection in these tests. It is not clear at this time why a continuous Si layer 
only formed on the sample exposed at the lowest pressure. 

Conclusions 

Three austenitic stainless steel 310 samples were exposed to 625 °C for 1000 hours to assess the 
effect of pressure on the corrosion resistance. The sample exposed at 8 MPa had the largest 
amount of surface oxide formation, while the sample exposed at 0.1 MPa had the thinnest oxide 
layer. The results shows that the all three samples have the similar construction of surface oxide, 
i.e., Cr-rich spinel phase on the outermost surface, Cr-depleted recrystallized y in the 
intermediate layer and substrate austenite y in the interior. The Cr-rich spinel phase provides a 
protection barrier for further oxidation. 
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Abstract 

The present work investigated the effect of strain reversal during high pressure torsion 
on the evolution of microstructure, texture and hardness properties of two different 
materials with different dynamic recovery behavior, namely, high purity (99%) 
Aluminum (2N-A1) and Aluminum-Magnesium (Al-2.5%Mg) alloy. In the two 
aluminum alloys subjected to different routes, the evolution of the ultrafine structure 
followed same trend. At lower strain level, sub grains with prominent LAGBs 
network were observed and at higher strains, ultrafine equiaxed grains separated by 
HAGBs were observed throughout the disk. The texture evolution in monotonically 
and strain reversal processed 2N-A1 and Al-2.5%oMg showed presence of typical 
torsion texture components at different strain levels. The strength of the components 
was observed to follow different trends depending on the processing routes. 

Introduction 

Development of high strength structural materials through grain size reduction as 
conceived in the Hall-Petch relation (try = ffo+ kd"1'2) [1] has been a major driving 
force in the fabrication of Ultrafine Grained (UFG with grain size <l | im) and 
Nanostructured (NS with grain size <100 nm) materials with large fraction of high 
angle grain boundaries (HAGBs). Severe Plastic Deformation (SPD) is the most well-
known approach for fabricating UFG and NS materials. SPD techniques such as Equi 
Channel Angular Processing (ECAP) [2], Accumulative Roll Bonding (ARB) [3] and 
High Pressure Torsion (HPT) [4] can now successfully produce wide variety of bulk 
Ultra Fined Grained and Nano structured materials. 

Amongst various SPD processing techniques HPT has gained significant attention due 
to fact that large plastic strain value can be easily achieved in this process. The sample 
in the form of thin disc is placed between two anvils and a very high compressive load 
is applied with simultaneous torsion strain. 

The equivalent strain value in HPT can be calculated by: 

1 r 

Where r = radius of the disc in mm, h = height of disc in mm, tp = angle of rotation in 
radians and e = equivalent strain value. According to the equation the strain is directly 
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proportional to the radius of the disc which indicates that at the centre the strain is 
ideally zero whereas the strain is highest at the edges of the disc. Extensive research 
has been conducted on aluminum alloys to investigate the effect of HPT on the 
evolution of microstructure and mechanical properties [5, 6], It is generally observed 
that HPT processing leads to development of ultrafine grains at high strain levels 
separated by high angle grain boundaries (HAGBs). 

In contrast texture studies on HPT materials are rather limited and have been carried 
out by few researchers only [7, 8], Torsion texture development in F.C.C. metals are 
expressed by{hkl}<uvw> notation, where {hkl} set of planes parallel to the shear 
plane and <uvw> is the shear direction O . Four types of ideal orientations are 
observed. 

Table I: Ideal texture components for fee metals 

Component {hkl}<uvw> 
A {111}< 110 > 
A- {111} < 110 > 
A* {111}< 112 > 
A*- {111}< 112 > 

B {112}< 110 > 
B- {112}< 110 > 
C {001} < 110 > 

Torsion texture evolution in A1 and Cu has been studied by Montheillet et al [8], The 
report discussed development of torsion texture during conventional deformation. The 
study reveals that A component {111} < 110 > dominates at lower strains whereas 
the C component {001}<110> dominates at higher strain values. The strain path 
change during HPT can be easily achieved by reversal strain deformation through the 
combination of clockwise (CW) and subsequent anticlockwise rotation (CW-CCW). 
The effect of strain reversal during HPT on the evolution of hardness and 
microstructure has been reported by few researchers [10, 11], It has been reported by 
Orlov et al [11], that strain reversal retards the formation of HAGBs and thereby less 
grain refinement in case of 99.99% pure aluminum. Orlov et al. investigated on the 
development of texture during monotonic and strain reversal in high purity aluminum 
[9], It is reported that there is development of A fibre in both deformation modes at 
lower strain levels whereas at higher strain levels, C component becomes the 
dominant in monotonic deformation and (001) [100] becomes dominant in strain 
reversal deformation. 
It might thus be clearly pointed out that understanding the evolution of microstructure 
and texture of different aluminum alloys subjected to both monotonic and strain 
reversal deformation during HPT processing is insufficient and there are greater needs 
to address these issues which are the major focus of the present work. 

Experimental 

Commercially purity (99%>) 2N-A1 and Al-2.5%>Mg alloy were used for the present 
study. 2N-A1 was received in the form of fully annealed plates of approximately 2mm 
thickness. The as-received Al-2.5%>Mg block (160mm(length) * 60mm (width) x 
10mm (thickness)) was cold rolled to ~80%o reduction in thickness and annealed in air 
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fornace at 673K for one hour. The above two materials were used as the starting 
materials for further procesasing. Disks with the diameter of 10mm were then cut 
from the sheet using EDM wire cut equipment. A total of 2 disks of each alloy were 
cut for further HPT processing. These disks having 2.5mm starting thickness were 
manually grinded to ~1.5mm thickness using SiC grit papers The disks were then 
designated according to the strain value or the number of rotations as per the given 
chart. 

Table II: Designation of the samples according to the strain 

Monotonie Strain Reversal Equivalent Strain 

CW 30° CW( 15°)-CCW( 15°) 1 
CW120° CW(60°)-CCW(60°) 4 

CW- Clockwise Rotations, CW-CCW - Clockwise followed by counter clockwise 

The disks were then deformed by HPT to the desired strain levels. The imposed load 
was fixed at 390KN (~5GPa) and a rotation speed of 1 rpm was used at quasi-
constrained conditions [15]. The processing of the disks was done at POSTECH, 
South Korea in the group of Prof. H.S. Kim. To measure the hardness variation across 
the disk, Vickers microhardness test (Make: EMCO-TEST, Austria; Model: Dura 
Scan-70) was conducted on the disks. The disks were mounted using Hot Mounting 
Equipment (Make: Struess Citupress-10) and then manually grinded and polished in 
order to obtain a mirror finish. The microstructure and texture of the processed HPT 
disks were characterized by Electron Back Scattered Diffraction (EBSD) attached to a 
FEG-SEM (Make: Carl Zeiss; Model Supra 40) using Channel 5™ Software (Oxford 
Instruments, UK). The EBSD measurements were taken on the r-e plane of disks at 
edge region. For EBSD investigations, the sample were polished mechanically using 
SiC paper of grit size 2000, followed by electropolishing using a mixture of perchloric 
acid and ethanol as electrolyte (1:9) at 20V and -30°C (using Liquid N2) for 20 sec. 
The microtexture analysis was done by assuming triclinic sample symmetry. 

Results 

Mcrostructure Evolution 

Commercially Pure Aluminum (2N-A1) 
The grain boundary (GB) maps of the samples deformed by different deformation 
modes are shown in Figure 1. Only the edge region has been considered here as 
maximum strain is accumulated at the edge of the specimen because of the torsional 
geometry. The high angle grain boundaries HAGBs having misorientation (0m;s > 15°) 
are highlighted in black and low angle grain boundaries LAGBs with misorientation 
(15°> 0mls > 2°) are highlighted in red. 

After e=1 (CW 30°), Figure 1 (a), the microstructure consists of starting 
recrystallized grains but inside the starting recrystallized grains LAGBs network can 
be easily observed. Further deformation upto E=4 (CW 120°), refines the 
microstructure so that equiaxed microstructure could be observed. Deformation at this 
level (at E=4 (CW 120°) results in the evolution of an ultrafine microstructure at the 
edge regions characterized by rather equiaxed grains separated by HAGBs. The 
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average grain size continuously decreases at the edge as the number of rotations 
increases. The average grain size at the edge reduces from ~3.6|im after 30 clockwise 
rotation to 1.7|im after 120° rotation. The fraction of HAGBs, at the edge increases 
drastically to 80% after 120 clockwise rotations from 30%o after 30° rotation. Figs. 1 
((c) & (d)) show the GB maps of strain reversal specimens at different strain levels. 
The microstructural evolution for edge regions appears very similar for both the 
deformation modes such that at lower strains the structure consists of huge fraction of 
LAGBs and with increasing strain gradually transformation into an ultrafine-grained 
structure could be observed. After 30° clockwise-counter clockwise (CW (15°)-CCW 
(15°)) rotation, the average grain size decreases from ~28 (im to ~4 (im in edge 
region. The average grain size reduces from ~4|im after 30° strain reversal 
((CW(15°)-CCW(15°))) rotation to 1.5(im after 120° strain reversal rotations 
(CW(60°)-CCW(60°)). HAGBs fraction increases from 30% at edge region after 30° 
strain reversal (CW(15°)-CCW(15°)) to 64% after 120° strain reversal (CW(60°)-
CCW (60°)). 

Figure 1. Grain boundary maps of 2N-A1 clockwise rotations of monotonous 
deformed specimens (a & b) and strain reversal deformed specimens (c & d). 

Aluminium Magnesium Alloy (Al-2.5%>Mg) 
The grain boundary (GB) maps of the samples deformed by different deformation 
modes are shown in Fig 2. After E=1 (Fig 2 (a)), the microstructure consists of mostly 
sub grains with prominent LAGB network inside the grains. At e=4 a much finer 
structure is observed at the edge region. The average grain size at the edge reduces 
from ~8|im after E=1 to 760nm after E=4. The fraction of HAGBs, at strain level after 
E=1 increases from 14% respectively to 62%o after E=4. Figs. 2 ((c) & (d)) show the 
GB maps of strain reversal specimens at different strain levels. The microstructure 
evolution for edge region is similar for both deformation modes, such that at lower 
strains the structure consists of huge LAGBs and with increasing strain gradually 
transforms into an ultrafine grained structure. The average grain size decreases from 
31 (im to 4 (im after E=1. The average grain size edge region reduces continuously 
from 4|im, after E =1 to 400nm at E=4. H A G B S fraction increases from 21% in case at 
edge region after E=1 to 82%o after E=4. 
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Figure 2. Grain boundary maps of Al-2.5%Mg clockwise rotations of monotonous 
deformed specimens (a & b) and strain reversal deformed specimens (c & d). 

Microtexture Evolution 

The (111) pole figure for the monotonically ((a)-(b)) and strain reversal deformed 
specimens ((c)-(d)) is shown in Figure 3 and Figure 5 for 2N-A1 and Al-2.5%Mg 
respectively. Figure 4 and Figure 6 shows the orientation maps depicting the spatial 
distribution of different texture components for the monotonically ((a)-(b)) and strain 
reversal deformed specimens ((c)-(d)) of 2N-A1 and Al-2.5%Mg alloys respectively. 
The ideal shear texture components are shown in (111) pole figure in Figure (k). 

Commercially Pure Aluminium (2N-A1) 

During monotonous deformation, at E =1 (Figure 3 (a)) a strong presence of the 
(001)[100] fibre can be observed having a volume fraction of -18% (Figure 3). Other 
components are present only in negligible proportion. At E=4 (Figure 3(b)), the strong 
presence of the C component having a volume fraction of ~15%> along with 
considerable presence of A/A" fibre (~6%>) can be observed (Figure 4). 

During strain reversal deformation, at E=1 (Figure 3 (c)), presence of the B/B" fibre 
can be observed with the volume fraction of ~9%> (Figure 4). A*/A*" fibre is also 
observed at this strain level with the volume fraction of ~8%>. At E= 4 (Figure 3(d)), 
presence of the A/A" is noticed having the volume fraction of ~9%> (Figure 4). 
Presence of the C component is increased to ~6%>. 

Figure 3. ( I l l ) pole figure of 2N-A1 for monotonous rotation (a & b) and strain 
reversal (c & d) at r/r0=l. The ideal texture components in (111) pole figure (e). [15] 
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Figure 4. EBSD orientations for 2N-A1 for monotonous rotation (a & b) and strain 
reversal rotations (c & d). 

Aluminium Magnesium Alloy (Al-2.5%Mg) 

During monotonic deformation, at e =1 (Figure 5 (a), noticeable presence of the C 
component can be observed having a volume fraction of ~9% (Figure 6). Other 
components are present only in minor proportion and texture appears to be not very 
strong. The strength of the C component does not change much following straining to 
e=4 (Figure 5 (b)) which is confirmed from the volume fraction of the C component 
(~8%). 

The texture evolution in the strain reversal deformed specimens show characteristic 
differences with the monotonically deformed specimens. During strain reversal 
deformation after an imposed strain of E=1 (Figure 5 (c)), the texture appears quite 
weak such that the volume fraction of the A*/A*" component is only 4%. Other 
components are present even in minor proportions while the volume fraction of the C 
component is ~2% (Figure 6). All the components are strengthened after an imposed 
strain of E= 4 (Figure 5(d)). The A*/A*" component appears relatively stringer having 
a volume fraction of - 1 5 % while the volume fraction of A/A" is found to be ~9%> 
(Figure 6). The fraction of the C component is almost negligible. 

Figure 5. ( I l l ) pole figure of the edge regions for Al-2.5%oMg of monotonically (a & 
b) and strain reversal (c & d) specimens. The ideal texture components in (111) pole 

figure is shown in (e) [15]. 
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Figure 6. EBSD orientations for Al-2.5%Mg for monotonous rotation (a & b) and 
strain reversal rotations (c & d). 

Conclusions 

1. The microstructural evolution reveals that the grain refinement for the two 
deformation modes for the two alloys follows similar trend i.e. initial 
recrystallized microstructure with large grain size throughout the disk develop 
prominent LAGBs network inside the grains and ultimately at higher strain i.e. 
at £=4 ultrafine equiaxed grains separated by FtAGBs throughout the disk 
evolve. The final grain size of 2N-A1 and Al-2.5%Mg deformed by both 
deformation modes at higher strain level is observed to be similar. However, 
lower grain size is observed in case of strain reversal in the two materials. 

2. The fraction of HAGBs increases with the imposed strain for the Al-2.5%Mg 
alloy in both deformation modes. However the fraction of HAGBs for 
monotonically deformed is found to be higher than strain reversal deformed 
2N-A1 whereas the trend seems to be opposite in case of Al-2.5%Mg. 

3. The evolution of A/A" and C components in 2N-A1 deformed by the two 
deformation modes follows similar trend i.e. increasing with increase in strain. 
However, A*/A*- and B/B" component shows reverse trend. The (001)[100] 
component is observed at lower strains and a mixed texture is observed to be 
dominating whereas C component dominates at £=4 during monotonic 
deformation. In strain reversal, a mixed texture but relatively stronger B/B" 
component is observed at lower strains whereas weak texture is observed at 
higher strain. 

4. In Al-2.5%Mg, similar trend is observed for A/A", C and B/B" component for 
both the deformation modes. A strong C component is observed at lower 
strains and a strong A*/A*- along with C component is observed at higher 
strains for monotonically deformed specimens. During strain reversals, a weak 
texture is observed at the lower strains and with the increase in the imposed 
strain, the A*/A*- and A/A" components becomes stronger. 
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Abstract 

Environmentally correct composites, made from natural fibers, are among the most 
investigated and applied today. In this paper, we investigate the mechanical behavior of 
polyester matrix composites reinforced with continuous fique fibers, through bending tensile 
tests. Specimens containing 0, 10, 20 and 30% in volume of fique fiber were aligned along 
the entire length of a mold to create plates of these composites, those plates were cut 
following the ASTM standard to obtained bending tests specimens. The test was conducted in 
a Instron Machine and the fractured specimens were analyzed by SEM, the results showed 
the increase in the materials tensile properties with the increase of fiber amount. 

Keywords: Fique fiber, polyester composite, tensile test, SEM. 

Introduction 

Polymeric composites reinforced with natural lignocellulosic fibers, from different parts of 
plants, have been increasingly studied [1-3] and adopted by industry [4-6] by its technical and 
economical advantages. 

The engineering application of natural fibers extracted from cellulose-containing vegetables, 
also recognized as lignocellulosic fibers, is presently considered an environmentally correct 
alternative to replace more expensive, non recyclable and energy-intensive synthetic fibers 
[7,8], In Brazil, the variety of natural fibers is an additional motivation for the research of 
new composites with those fibers [9,10], treated as green composites. 

In addition to environmental, economical and social benefits, some lignocellulosic fibers 
present specific properties that are comparable with synthetic ones used for polymer 
composite reinforcement. For instance, the specific strength (GPa.cmVg) of curaua (1.31), 
sisal (0.92) and ramie (0.93) fibers, for very thin diameters [11], are relatively closer to that 
of glass fiber E (1.33). 

Therefore, it would be technically justified to replace glass fiber, which is more expensive, 
toxic and represents a problem to the environment [12], by a strong lignocellulosic fiber. 
However, some drawbacks such non-uniform dimensions and heterogeneous properties and 
incompatibility with a hydrophobic polymer matrix, reduce the potential of lignocellulosic 
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fiber to be used as composite reinforcement [13, 14]. In particular, a low interfacial strength 
causes a weak adhesion between the hydrophilic fiber and the polymer matrix. 

Despite the drawbacks, natural fiber materials are being intensively studied as alternative to 
synthetics composite materials and the fique fibers can be used as reinforcement in polymer 
composites, however, little is known about the mechanical properties of fique fibers 
composites. Therefore, the aim of this work was to study the mechanical properties of the 
polyester matrix composites reinforced with continuous and aligned fique fibers by bend 
tests. 

Experimental Procedure 

The basic material used in this work was the fiber extracted from the leaf of fique plant 
(Furcraea Andina), Fig. 1(a), supplied by a producer in Colombia. No treatment was applied 
on fique fibers, Fig. 1(b). 

Figure 1. Fique plant (a) and its fibers (b). 

The as received fibers of fique were cleaned and dried before use. The composites 
with 0, 10%, 20% and 30%o in volume of aligned fique fibers were manufactured through 
accommodation of the fibers in a rectangular mold 152 x 122 x 10 mm and soaked with 
polyester resin to complete the cavity, the procedure origins plates with were cut following 
the ASTM standard and the samples were three points bend tested in a model 5582 Instron 
machine with 100 kN of capacity at a strain rate of 1.6 x 10"2 s"1 and a span-to-depth ratio of 
9. The fracture surface was sputter coated with gold, then examined in a Shimadzu SEM 
operated at 15 kV. Secondary electron images were collected to reveal details on the fracture 
surface. 

The flexural strength, <7f, were calculated by the following equation: 

- ? F ' " L 

m ->i ¿2 2bd (1) 
where Fm is the maximum resistance force, L the distance between supports, and the 
extension associated with maximum force, the width b and d the thickness of the specimen. 

Results and Discussion 

Figure 2 illustrates the typical appearance of load vs. elongation curves. The curves were 
recorded directly from the Instron machine, they revealed that fique fibers reinforced 
polyester composites present limited plastic deformation. After a straight line, a sudden 
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fracture occurs, indicating a brittle behavior for both pure polyester an fique fiber composites 
tensile specimens. 

Figure 2. Load versus elongation curves for fique/polyester composites with different amount 
of fiber (a) 0%, (b) 10% (c) 20% & (d) 30%. 

From the curves of Figure 2 was obtained the value of the maximum forces, Fm, and the 
corresponding strain and was calculated by the equation 1 shown, flexural strength. Table 1 
shows the average flexural strength resulting composite polyester with different fractions of 
fique fiber. 

Table 1. Flexural strength and rupture displacement for the fique fiber composites. 

Amount of Fique Fiber (%') Flexural Rupture Stress (MPa) 
0 23.53 ±6.9 
10 42.79 ± 7.9 
20 49.93 ±4.0 
30 61.39 ±9 .3 

The graph for the flexural strength variation with the amount of fiber is shown in Figure 3. 
This graph implies that with the fiber volume increase the flexural stress increases too with a 
linear relation. So the results interpretation of the bending tests in Figure 3 indicate that the 
aligned fibers of fique constitute an effective reinforcement for over 10%o composites with 
polyester matrix. That is, as the fiber matrix is incorporated an increase in resistance occurs, 
which may be attributed a higher adhesion of the fibers by the resin. 
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Figure 3. Variation of the flexural stress with the amount of fique fibers 

Figure 4 shows micrographs of typical fracture obtained by SEM with different 
magnifications of a 30% fique fiber polyester composite fracture surface. In Fig. 4 (a), is 
visible some fibers loose of matrix, which suggests a low interfacial shear stress. Is possible 
to see too evidences in interface of nucleated cracks between fique fiber and polyester matrix. 
With higher magnification, Fig. 4 (b), is visible some fique fibers well fix to polyester matrix. 
Is notable the crack propagation is blocked by the fibers, opening a space between the fiber 
and the matrix. Even after of polyester matrix fracture the fibers continue resisting to tensile 
effort, because this behavior the composite find higher resistance values in correlation with 
pure matrix. 

Figure 4 - SEM micrograph of composite obtained in 30%o fique fiber reinforced polyester 
resin (a)30X and (b) 100X. 

In this figure, it can be noted, with smaller magnification (Figure 4a), the broken polyester 
matrix with embedded fibers. With biggest increase (Figure 4b), it can be seen, pulling out 
evidences of fiber from the matrix. This seems to be a consequence of the weak adhesion 
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between the fiber and the matrix so when exposed to the flexural stress the fiber slide a little 
bit and bakes when its not possible to slide anymore. 

Conclusions 

• Polyester matrix composites incorporated with continuous and aligned fibers of fique 
fibers becomes more resistant to flexural for amount of fibers that exceeds 10% in 
volume. 

• For 30%o of fique fiber volume fraction, the flexural strength increases around 260%> in 
comparison to pure polyester. 

• SEM fractograph analysis revealed that the fique fiber are well adhered to polyester 
matrix and served as an barrier to crack propagation. This Justify the reinforcement effect 
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Abstract 

Economic and environmental benefits are motivating studies on natural fibers, 
especially lignocellulosic extracted from plants, have been studied to substitute 
synthetic fibers, such as glass fiber as reinforcement in polymer matrices. By contrast to 
synthetic fibers, natural fibers have the disadvantage of being heterogeneous in their 
dimensions specially the diameter. About the hemp fiber, little is known of their 
dimensional characteristics. The aim of the present work was to statistically characterize 
the distribution of the diameter of hemp fibers. Based on this characterization, diameter 
intervals were set and the dependence of the tensile strength of theses fibers with a 
corresponding diameter was analyzed by the Weibull method. The diameter was 
measured with precision using a profile projector. Tensile tests were conducted on each 
fiber obtain mechanical strength. The results interpreted by Weibull statistical showed a 
correlation between the resistances of the fiber to its diameter. 

Introduction 

In the past two decades, climate changes associates with the use of non renewable fossil 
fuels, mainly coal and petroleum derivatives, are motivating the substitution of natural 
materials for the energy-intensive synthetic ones. The so-called "green" materials are 
currently permeating in many industrial sectors and replacing traditional synthetic 
materials not only due to environmental but also to economical, societal and technical 
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reasons. Among these successful "green" materials stands the natural fiber obtained 
from cellulose-based plants, also known as lignocellulosic fibers. From house 
construction to automobiles, the lignocellulosic fibers are replacing glass fiber 
especially as reinforcement of polymer composites [1"41. All synthetic composites 
reinforced with carbon and glass fibers are, however, associated with environmental 
drawbacks. Their production is energy-intensive and they cannot be easily recycled. 
Moreover, glass fiber is related to health problems like lung diseases. Less known 
natural fibers like ramie curaua buriti and piassava [SI are currently being 
investigated for their potential as composite reinforcement. The growing interest for 
lignocellulosic fibers has been limited by the marked difference that exists regarding the 
mechanical strength. In fact, on average, the strongest lignocellulosic fibers have tensile 
mechanical strength below 1000 MPa [3], while the glass fiber reaches more than 3000 
MPa [9], This, together with the poor adhesion between any lignocellulosic fiber and 
most polymeric matrix [10], result in a much lower composite strength as compared to 
glass fiber composites, known as "fiberglass". Indeed, the best lignocellulosic fiber 
composites display strengths around 100 MPa [4] while fiberglass exceeds 1000 MPa 
[9], The future competition against the glass fiber, as possible reinforcement of 
structural composites, depends on the improvement of both the polymer matrix 
adhesion and the mechanical strength of the lignocellulosic fibers. Hemp is certainly the 
lignocellulosic fiber with least knowledge as far as mechanical properties are concerned. 
Even review works on the application of natural fibers in composites [3'UI fail to report 
on hemp fibers. Since the heterogeneous characteristics of lignocellulosic fibers is a 
limitation for their use in composites, the present work carried out a statistical analysis 
on the mechanical properties of hemp fibers. This analysis was performed through 
precise geometrical measurements in association with tensile tests. 

Experimental Procedure 

The basic material used in this work was untreated hemp fiber. The fibers were supplied 
by the company Desigan natural fibers. Statistical analysis were performed on one 
hundred fibers randomly removed from the as-received the lot. These fibers were then 
measured in ten different points along the length, and were 90° rotated to be measured 
again, assuming a cylindrical structure for the fibers. The rotation guarantees the correct 
values of the mean diameter for each fiber. Figure 1 shows the histogram for the 
distribution of hemp fiber diameters by considering 6 diameter intervals. From this 
distribution, presented elsewhere an average diameter of 0.065mm was found for the as-
received lot. 
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Figure 1. Histogram of the frequency of the hemp fiber for each diameter interval. 

For each interval in Figure 2, a total of 20 fibers were selected and individually tensile 
tested at a temperature of 25 ± 2°C in a model 5582 universal Instron machine. The tests 
were conducted at a constant deformation velocity of 1 mm/s corresponding to a strain 
rate of 3 x 10-3 s-1. The values obtained for the ultimate tensile stress, i.e., the tensile 
strength, were statistically interpreted using the program Weibull Analysis. 

For the objective of the present work, it was important to consider different intervals for 
the cross section different intervals for the cross section area to associate with 
corresponding intervals for the tensile strength. 

Results and discussions 

With the data provided on test machine Instron curves were constructed for each fiber 
tensile. Figure 2 shows examples of curves for each interval considered equivalent 
diameter. This figure also shows that the force versus elongation curves have the same 
general characteristics. After a continuous elastic regime, a point of maximum 
resistance, virtually without showing deflection of the elastic line that could characterize 
an initial plasticity occurs. However, since the maximum or soon after, the curve shows 
discontinuities that come with process of decline in resistance until full rupture. In fact, 
these discontinuities are associated with partial ruptures of the various fibrils that 
constitute the hemp fiber. At this point is important to mention that the thinner the 
equivalent diameter of the fiber, the smaller the number of fibrils. As a result, fibers 
with thinner diameters, as interval 0.035<d<0.045 mm, shows less fluctuations to 
rupture compared to fibers of larger diameter, such as interval 0,085<d<0,095 mm in 
Fig. 3. The analysis of the generated Weibull probability that typical graphs are shows 
in Fig. 3 for all ranges of equivalent diameter. Furthermore, this analysis also generated 
Weibull parameter values that are listed in Table 1 along with corresponding results 
from the statistical mean and standard deviation of the maximum stresses obtained for 
each range of equivalent diameter. 
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Figure 2: Representative load vs. elongation for the 6 intervals of diameters (mm) of 
hemp fibers. 

Figure 3. Weibull graphs for the tensile strenght of hemp fibers for different diameter intervals. 
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Table 1. Weibull parameter for the tensile strength of hemp fibers associated with 
different diameter intervals. 

Diameter 
interval (mm) 

Weibull 
Modulus, 

P 

Characteristic 
Stress, 6 
(MPa) 

Precison 
Adjustment, 

R2 

Average 
Stress 
(Mpa) 

Statistical 
Deviation 

(MPa) 

0,035<d <0,045 8,287 284,2 0,9014 268,1 38,49 

0,045<d <0,055 4,523 243,3 0,9252 222,1 55,74 

0,055<d <0,065 5,011 163,7 0,9034 150,3 34,36 

0,065<d <0,075 5,919 171,2 0,9009 158,7 31,14 

0,075<d <0,085 3,104 128,6 0,9375 115 40,54 

0,085<d <0,095 4,03 101,4 0,9146 91,95 25,62 

Based on all tensile results such as those exemplified in Figure 4, the tensile strength, 
i.e. the ultimate stress associated with the point of maximum load, was evaluated. These 
values of tensile strength were analyzed by the Weibull statistic method for each one of 
the 6 diameter intervals shown in the histogram of Figure 1. Actually, the Weibull 
Analysis computer program provides the following parameters: 0 (characteristic 
strength), |3 (Weibull modulus), R2 (precision adjustment) as well as a mean strength 
based on the Weibull distribution with related deviations. The values of theses 
parameters are listed in Table 1. 

Figure 4 shows the variation of 6, the Weibull characteristic strength, with the mean 
hemp fiber diameter for each interval in the Fig. 1 histogram. In this figure there is a 
tendency of 6 to increase the thinnest the fibers. Aparently, this tendency is associated 
with an inverse correlation of the fiber strength with its diameter. 

In the present work, a hyperbolic equation can be used as an adjustment of 6 to the 
values of d shown in Table 1. The best hyperbolic fit is associated with the following 
equation: 

6 = 34.2 (1) 
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Figure 4. Variation of the characteristic strength with the mean diameter of hemp fibers. 

To better assess the possibility of an inverse correction, we compared the characteristic 
voltage and medium voltage corresponding standard deviation for each diameter band 
as shown in Figure 5. 

Figure 5. Variation of the average tensile strength with the mean diameter for hemp 
fibers. 

Based on results of Figure 5 also obtained with reasonable accuracy a hyperbolic 
relation between the tensile strength, csm, and the mean diameter for the six intervals of 
Figure 1. 

1 7 44 
am = — 40.11 (2) 

As a final remark regarding the inverse strength/diameter correlation given by Equation 
(2), one could in practice obtain stronger fibers by selecting the thinner ones. This 
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would allow polymer composites to be fabricated with improved mechanical of 
properties by reinforcement with these thinner fibers. 

Conclusions 

Hemp fibers are relatively weak in tension and should not reinforce polymeric 
composites that usually have stronger matrices. 

The non-uniform micro structure of the hemp fiber composed of filaments with empty 
spaces apparently contributes to weaken its mechanical performance in tensile tests. 

The tensile strength of the hemp fibers increases with reduction in the equivalent 
diameter, which can also be attributed to the fiber's filamentary structure. 
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Abstract 

Natural rubber/organophilic clay nanocomposites were prepared and characterized. A brown 
bentonite from Paraiba's State, Brazil was modified with a sodium salt and treated with 
quaternary ammonium salt hexadecyltrimethyl ammonium chloride. The clay in its natural state, 
after cation exchange with sodium and after organophilization was characterized by XRD, IR, 
SEM, thermal analysis. Nanocomposite samples were prepared containing 10 resin percent of 
organophilic clay. The vulcanized samples were analyzed by XRD, SEM. The nanocomposites 
obtained showed improvement in their mechanical properties in comparison with samples 
without clay. 

Introduction 

The incorporation of fillers homogeneously dispersed in a matrix of elastomer brings a 
significant improvement in physical, chemical, mechanical and thermal properties, barrier / gas 
permeability and inhibiting flame propagation of elastomeric composite cross link. 
Montmorillonite is a clay mineral commonly used in polymer composites consisting of 
nanolayers silicate intercalated by galleries occupied by metal cations such as K+, Na+, Ca2+ and 
Mg2+, which can be easily replaced by inorganic salts of ammonia, thereby producing the 
organophilic clay or organoclays, so that there is better compatibility with polymers. [1] The 
polymeric matrix used is natural rubber (NR), which has origin in the polyisoprene extracted 
from Hevea brasiliensis (seringueira). [2] 
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Figure 1: Schematic diagram of structural units in montmorillonite (MMT) crystal. 

Materials and Methods 

Elastomers 

Raw gum elastomers, polyisoprene, NR, poly (cis-1, 4-isoprene) rubber, were obtained 
from Industria de Artefatos de Borracha Esper Ltda. 

Natural clay 

Light brown chocolate clay was provided by mine Lages, Boa Vista County, State of Paraiba, 
Brazil. Ca-bentonite is characterized by its low water absorption and poor swelling capability 
and by its inability to stay suspended in water, was supplied by BENTONISA - Bentonita do 
Nordeste S.A. 

Accelerators and vulcanizing agents 

The addition of activators, zinc oxide (ZnO) and stearin (stearic acid and glycerol (glyceryl 
tristearate)) (C57Hii0O6) and accelerators, thiazoles, benzothiazyl disulfite (MBTS), curing 
speeds moderate, thiurams, tetramethylthiuram disulfide (TMTD), curing speeds fast and sulfur 
(S), cross-linking agent, all were standard commercial grade materials. [1] 

Quaternary ammonium salt 

Hexadecyl trimethyl ammonium chloride (HDTMA-C1), commercial grade. 

Organoclav preparation 

The clay mineral that haves the calcium (Ca2+) as the predominant cation in the interlayer spaces 
will not swell in water. To make the organophilic mineral clay two steps are needed; the first 
necessary step is to add sodium into the clay where the amount of sodium silicate (Na2Si03) is 
calculated, and where the exchange of calcium for sodium is performed. In the second step the 
exchangeable cation Na+ present in the galleries, are replaced by an organic cation of quaternary 
ammonium salts, cationic surfactants, which is the hexadecyl trimethylammonium chloride 
(HDTMA-C1). [3] 
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Figure 2. Block diagram organoclay production 

N R nanocomposites preparation 

The zinc oxide reacts with stearin forming the zinc stearate, which combined with other 
accelerators and the sulfur speeds up the vulcanization process. 
Raw gum elastomer is placed into the gap between the two mill rolls, the mill nip at room 
temperature. It then bands, as a continuous sheet, onto one of the rolls. The speeds of the two 
rolls are often different, the back roll rotating faster than the front. The difference in speed 
between the two rolls is called the friction ratio and allows a shearing action (friction) at the nip 
to disperse the ingredients and to force the compound to stay on one roll, preferably the front 
one. A friction ratio of 1.25:1 is common. The vulcanization ingredients were added, first stearin 
and after their incorporation into the gum mass, the zinc oxide except the sulfur were to the 
elastomer before the incorporation of the clay. Ten phr of organoclay were added to the rubber, 
to the nip in a specific way. The process produces friction which creates heat. The compounding 
formulations used for study are given in Table 1. After mixing, the compound was homogenized 
by passing several times through the tight nip of the mill and finally sheeted out. Optimum cure 
time was determined using an oscillating disc rheometer (TEAMETRO). The compounds were 
vulcanized at a temperature of 170±2 °C and at a pressure of 20 MPa in an electrically heated 
hydraulic press, to their respective cure times. [4] 

Table I. Formulation of the rubber compounds 

Ingredients Mix 1 M x 2 
Phr 

Natural rubber 100 100 
Organoclay 10 -

ZnO 5 5 
Stearin 1 1 
MBTS 1 1 
TMTD 0,5 0,5 
Sulfur 1 1 

parts per hundred parts of rubber (phr) 
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Measurement of Mechanical Properties 

Tensile tests were performed on dumbbell shaped specimens, they were mechanically cut from 
the vulcanized sheets (vulcanized slabs). The measurements were carried out at a crosshead 
speed of 500 mm per min on a MAQTEST Model Universal Testing Machine according to 
ASTM standards, D 412. 

Results and discussion 

Scanning electron microscopy 

The homogeneity of the particles dispersion was investigated by SEM, Figure 3. As seen in 
Figure 3a and 3b, organophilic clays with a more open structure, with greater separation of the 
sheets as compared with the raw clay. For the others 3c and 3d much finer particles appear, 
although a presence of larges pieces is also visible, hence it has to be concluded that besides 
good dispersion forming small particles close to nanosize, the mixing conditions do not allow for 
exfoliation of all filler particles. [5] 

Figure 3: SEM micrographs organoclay (a), unmodified clay (b), natural rubber composites with 
10 per of organoclay fillers (c), vulcanized rubber without fillers, (d) 

Mechanical properties 

The mechanical properties of the unfiled NR vulcanized and NR-organoclay vulcanized are 
given in Table 2. The tensile properties measured are the modulus at different strains (100, 200 
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and 300% elongation), the tensile strength and elongation at break. A marked increase in 
mechanical properties is observed for the NR-organoclay vulcanized than the unfiled NR 
vulcanized. The mechanical properties increase in NR-organoclay vulcanized, a 42%> increase in 
tensile strength is obtained Figure 4. 

Figure 4: Examples of engineering stress-strain diagrams (a-e diagrams) 

Table 2. Mechanical properties 

Parameter Unfiled NR NR-organoclay 

Maximum strength (MPa) 17,23 24,37 

Elongation at break (%>) 373,10 370,19 

Modulus, 100% (MPa) 2,09 3,19 

Modulus, 200% (MPa) 2,21 3,63 

Modulus, 300% (MPa) 3,10 4,94 
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Thermal characterization 

The thermal decomposition expressed in terms of weight loss as a function of temperature for 
unmodified clay, Na rich clay and organoclay is graphically shown in Figure. 5. The weight loss 
of the unmodified clay and Na rich clay is 13 and 9%, respectively, which corresponds to the 
surface and interlayer adsorbed water, as well as the water resulting from the structural OH 
groups of the clay. However, the decomposition of the organoclay starts to 120 °C since the 
absorbed water has disappeared due to the organophilic character of the modified clay and the 
total weight loss is about 27% 

Figure 5: TGA curves for unmodified clay (solid line), Na-rich clay (dashed line) and organoclay 
(dotted line) 

X-ray diffraction analysis 

The interlayer spacing of the natural clay was 14.50 Â. With the addition of Na2Si03 the 
interplanar space increase to 15.11 Â, and after the addition of the ammonium salt this space 
increase to 20.0 Â. That value indicates the effective intercalation of the ammonium salt between 
the clay mineral layers Figure 6. 
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Figure 6: XRD patterns of natural clay, Na-rich clay and organophilic clay. 

Infrared spectroscopy 

The FTIR spectra Figure. 7 show information on chemical composition of the filler; presence of 
organic cations in clays is demonstrated in the C-H stretching and bending bands in the 2800-
3000 and 1400-1500 cm"1 region, respectively, the infrared spectrum of the peak which 
correspond the interlayer water deformation is 1600-1700 cm"1 vibration. The band at the peak 
1400-1500 cm"1 is assigned to the ammonium salt. 

Figure 7. FTIR spectroscopy of unmodified clay, Na rich clay and organoclay. 
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Conclusions 

Small amounts of organoclay resulted in significant positive changes in the mechanical 
properties of composites with vulcanized NR matrix. As the interlayer distances increases of 
fillers, polymers chains could penetrate more easily into the clay layers, which results in a 
formation of an intercalated structure. The nanocomposites obtained showed improvement in 
their mechanical properties in comparison with samples without clay. 
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Abstract 

The tensile properties of DGEBA/TETA epoxy matrix composites reinforced with different amounts 
of PALF fibers were evaluated. Composites reinforced with up to 30% in volume of long, continuous 
and aligned PALF fibers were tested in an Instron machine at room temperature. The fracture was 
analyzed by SEM. This one revealed a weak fiber/matrix interface, which could be responsible for 
the performance of some properties. The results showed significant changes in the mechanical 
properties with the amount of PALF fibers. 

Introduction 

New materials are been developed to neutralize or at least minimize the environmental impacts 
caused from industrial activities. In this tendency, cellulose-based natural fibers, known as 
lignocellulosic fibers, become a promising solution. Some lignocellulosic fibers present specific 
properties that are comparable with synthetic ones used for polymer composite reinforcement. For 
instance, the specific strength (GPa.cm3/g) of curauá (1.31), sisal (0.92) and ramie (0.93) fibers, for 
very thin diameters [1], are relatively closer to that of glass fiber E (1.33). The application of these 
natural fibers is also motivated by advantages like good toughness and less wear of equipment used 
in the processing of composites. Nowadays, they are being considered as a substitute for synthetic 
fibers, used by the industry on a large scale [2-6], In addition, such composites are environmentally 
friendly because they are renewable, biodegradable and neutral with respect to CO2 emissions, the 
main responsible for global warming and climate changes [4,6,7], 

Lignocellulosic fibers also have some disadvantages in relation to synthetic fibers such as the 
difficulty of coupling with polymer matrices, due to the hydrophilic character of fiber and the 
hydrophobic nature of the matrix, as well as dimensional heterogeneity [5,6], This is the nature of 
this material and constitutes an obstacle to the use of these fibers in certain projects, especially those 
that aim high performance. These advantages are the prime reasons for limited strength, as indicated 
by the rule of mixtures for composites [8]. 

Previous works [9,10] demonstrate that the incorporation of lignocellulosic fibers in polymeric 
matrices gives rise to composites with mechanical resistance directly proportional of the fiber 
content, where these fibers act as reinforcement for matrix due to their high mechanical properties. 
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Therefore, the objective of this study was to evaluate the tensile properties of epoxy matrix 
composites reinforced with continuous and aligned PALF fibers. 

Experimental Procedure 

100 PALF fibers shown in fig. 1 are randomly selected from the bundle, the equivalent diameter 
corresponding to the average between the larger and smaller (90° rotation) cross section dimensions 
at five locations for each fiber, was measured in a profile projector Nikon 6C. 

Figure 2 presents histogram corresponding to the distribution of diameter of the as-received PALF 
fibers. The equivalent diameter of each fiber was actually the average value obtained by 10 different 
measurements performed in a profile projector at five distinct locations (two with 90° rotation at each 
location). 

Figure 1. A small bundle of PALF fibers 

The histogram in Fig. 2 reveals a relatively large variation in the diameter, which is a consequence of 
the non-uniform physical characteristics of a lignocellulosic fiber [2,3,11-13], It should be noticed 
that the diameter range was 0.10-0.28 mm with an average of 0.20 mm. 

Figure 2. Histogram for the distribution of diameter of the as-received PALF fibers. 
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In order to produce composites with properties that are acceptable for industrial applications, the 
PALF fibers were selected randomly to serve as reinforcement to an epoxy matrix. These fibers, with 
diameter varying from 0.10 to 0.28 mm, were laid down inside silicone dog bone-shaped molds with 
distinct volume fractions up to 30 %. The fibers were continuously aligned along the 35 mm length 
of the mold, coinciding with the tensile axis. The still fluid epoxy resin mixed with TETA (trietylene 
tetramine) as hardener was poured onto the fibers. The already processed composites were allowed to 
undergo an initial cure at room temperature for 24 hours. 

Each specimen was tested at 25 ± 2°C in a model 5582 Instron machine at a strain rate of 3 x 10-3 s-
1. Samples cut from the fracture tip of representative specimens were coated with gold prior to 
microscopy work using a Shimadzu SSX-550 scanning electron microscope. 

Results and Discussion 

Typical load versus elongation curve obtained for each specimen with the respective volume fraction 
of PALF fibers are shown in Fig. 3. These curves were directly recorded from the Instron machine 
data acquisition system. The common aspect of all curves is that they present practically only elastic 
behavior up to fracture. The initial curvature is a consequence of specimen's adjustment to the tensile 
grips until the linear elastic begins. The abrupt end of this linear stage indicates that the PALF fiber 
reinforced epoxy composites behave as brittle materials. 

Tab. 1 shows the values for the tensile strength, elastic modulus and total tensile strain for the 
different composites investigated. The total tensile strain initially increases but apparently decreases 
from 10% to 20% of PALF fibers, but regrows from 20% to 30% of PALF fibers. 

Figure 3. Typical load vs. elongation tensile curves: (a) 0%>, (b) 10%o, (c) 20%o and (d) 30 of volume 
fraction of PALF reinforcing epoxy composites. 
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Table 1. Tensile properties for the PALF reinforced epoxy composites. 

Volume fraction of PALF fiber Tensile Strength Elastic Modulus Total 
(%) (MPa) (GPa) Deformation (%) 

0 28.99 ±6.58 0.83 ± 0.23 3.66 
10 53.68 ± 10.88 1.31 ±0.59 5.44 
20 85.54 ± 10.62 1.71 ±0.26 5.17 
30 119.84 ± 10.59 1.83 ±0.31 6.95 

Based on the results in Table 1, Fig. 4 presents the curves of tensile strength (a) and elastic modulus 
(b) variation with the volume fraction of PALF fibers. In these curves, one may verify a significant 
increase in both the tensile strength and in the elastic modulus with the amount of PALF. 

Figure 4. Variation of the tensile strength (a), elastic modulus (b) and the total deformation (c) with 
the volume fraction of PALF reinforcing epoxy composites. 

As shown in Fig. 4(b), the incorporation of PALF fibers significantly increases the elastic modulus, 
but it appears to maintain constant with fiber incorporation above 20%, with a value around 1.8 
GPa. It is also possible to verify that the incorporation of PALF fibers increase the maximum 
elongation of the composites when compared with neat epoxy. This can be associated with the 
flexible behavior of the fibers, which is able to elongate more than the neat epoxy matrix. Therefore, 
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their incorporation tends to increase the elongation capacity of the material, but do not show a big 
difference between the amount of fibers. 
The fracture surface was examined in the SEM. Figure 5 shows typical SEM fractographs of a 30% 
volume fraction of PALF fiber reinforced epoxy composite. With lower magnification, Fig 5(a), the 
fracture surface display evidence of broken fibers sticking out of the epoxy matrix. Apparently, these 
fibers are well adhered to the matrix, which justifies the significant improvement on the composites 
strength and stiffness with increasing amount of fibers up to 30%o, as shown in Fig. 4. 

Figure 5. Microstructure of composite with 30%o vol. of fibers: (a) 100X and (b) 700X. 

However, a few holes in the surface of Fig 5(a) could also indicate a low fiber/matrix interfacial 
resistance, as indeed happens in lignocellulosic fibers reinforcing epoxy matrices [2,3,11-13], In this 
respect, Fig 5(b) with higher magnification shows a crack alongside a PALF fiber beginning to 
detach it from the epoxy matrix. Therefore, although PALF fiber could improve the strength of 
epoxy composites, the weak adhesion between the fiber and the composite matrix is still an 
important limitation to further increase in the mechanical strength and stiffness. This weak adhesion 
is probably responsible for the fiber debonding from the matrix, which causes the longitudinal 
rupture and relatively lower stiffness at 30%o of volume fraction (Fig. 5(b)). 

Conclusions 

• Selected PALF fibers significantly improve the strength of epoxy matrix composites. This 
improvement corresponds basically to a linear increase up to 30%o in volume of fiber. 

• The elastic modulus of the epoxy composites is also increased with the volume fraction of 
PALF fibers and the total deformation also is improved but only when compared with the 
pure epoxy, different amounts of fiber do not show significant variation. 

• SEM analysis indicates that the PALF fibers act as effective reinforcement for the brittle 
epoxy matrix despite the weak fiber/matrix interface. In fact, the same fibers are well adhered 
to the epoxy matrix but evidence of fiber pullout from the matrix indicates a relatively low 
interfacial shear stress. This is an important limitation for further composite improvement. 
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ABSTRACT 
Seeking to replace carbon-black as filler of rubber in the production of vulcanized goods, 
researchers from University of Sao Paulo have studied different materials types as minerals, 
vegetal or wastes agricultural and industry. Results of rubber composites filled with MAI a 
waste of mineral treatment provided by Esper Industries are presented. MAI was 
characterized through X-ray diffraction; Thermal analysis; Scanning Electronic Microscopy; 
and others laboratory methods. The composite and shaped masses were evaluated by these 
methods plus their mechanical properties such as tensile strength, elongation at break and 
hardness. Exceptional results were obtained in the mechanical properties evaluated, better 
than those obtained with the traditional carbon-black. Seeing the kind of material used as 
filler, it can conclude that the environmental benefit is present, as well as economic 
development, giving credibility to the use of these alternative material in replacement carbon-
black. 

Keywords: Composites and nanocomposites, fillers for rubber vulcanized products, waste of 
mineral treatments. 

Introduction 

Rubber vulcanized products have among others substances carbon-black as main active filler. 
Carbon black is the traditional reinforcer filler, of rubber vulcanized products because its 
properties concerning: Nano metric grain size, color, good interaction with polymers, transfer 
properties such as tensile strength, hardness, abrasion resistance, compression strength in 
addition to not affecting the resilience. Carbon black show nanometric grain sized distribution 
and a depth black color, because these properties it is also used for computer printers inks 
production. The carbon black is substance derived from the oil gotten during the final phases 
of the mineral fuel treatment with consequent pollution of the environment. [1] 
Using carbon-black rubbers are black or a very dark color. But they can have different 
appearance when filler of distinct composition of the carbon black is used. Substitution of 
carbon-black as a reinforced load in the rubber production, will have to contribute in such a 
way to diminish the dependence of these products as to diminish the pollution of the 
environment. [2] 
This paper in its title presents the indication to be the Part 1 of an extensive research that used 
different formulations based on different materials coming from different sources. Among 
these sources there are discarded minerals from purification treatment of non-metallic 
minerals or substances discarded during industrial production processes between others. This 
paper the results of the use of MAI, another kind of nanoparticulate material formula 
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substituting carbon black in the production of some rubber products. [3] 

Materials 

- MAI - Nanoparticulate material provided by Esper Rubber Industries Ltda. and used as 
is. 

- Commonly additives for the process of vulcanization the nanocomposite material rubber + 
MAI was treated applying the formularizations traditionally used by the company ESPER 
Ltd. There are: Native sulphur (S), Zinc Oxide; Stearic Acid and the Accelerators for rubber: 
TMTD; MBTS; MBT by its commercial names. [4] 

- Natural Rubber. It was used natural rubber (known technically as polyisoprene) of the 
same type as traditionally used by Esper Rubber Industries Ltda. and provided by Hevea 
Tech. Ltda. It was obtained from the Hevea Brasiliensis tree. [5] 

Methods 
As on the production of vulcanized goods, carbon-black fill the rubber at least in 40 phr (parts 
of filler by hundred parts of rubber), then, MAI was used 
Before development of the nanocomposite there were characterized the MAI and the rubber 
materials under the following test: DRX - X-Ray Diffraction Powder Test, SEM - Scanning 
Electronic Microscope. 
Nanocomposite vulcanized plates had been fabricated according to process traditionally used 
by the ESPER Ltd. Company and on the basis of the established one in standard ASTM D 
3182 adjusted to the carpet production for cars and synthetic floors between others rubber 
vulcanized goods. [5] 

Results 
XRD - X-Ray diffraction assays. 
In order to show the whole characterization, below are presented the results by type of test 
performed. First, on Fig. 1 the natural rubber XRD, after that the Carbon black XRD on fig. 2 
and the MAI XRD on fig. 3. 

Figure 1 XRD of natural rubber. Peak values in Angstrom. [5] 

On figure 1 it is observed a sharp peak at 4.60 A characteristic of natural rubber and two 
sharp peaks at 4.2 A and 3.2 A that must match the additives contained in the plate. [5], On 
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figure 2 is observed for the carbon black peaks at 3.5 A and other at 2.1 A that will be 
followed in the next assays. Peaks on 7,69 A , 4,25 A , 3,25 A and 3,38 A are observed at 
figure 3 from the XRD assay of the MAI alternative additive. 

Figure 2 XRD of Carbon-black. Peak values in Angstrom. [5] 

Figure 3 XRD of MAI alternative filler. Peak values in Angstrom. [5] 

Figure 4 XRD of the vulcanized plate of rubber with 40 phr of carbon black. Peak values in 
Angstrom. [5] 

The peaks at 3.5 A and 2.1 A of figure 2; are not observed in figure 4, the XRD of the plate, 
which highlights the homogenization of load on the plate mass. Appear three peaks at 40.1 A , 
18.4 A and 16.2 A (Figure 4). They should match the black smoke and indistinguishable in 
the figure for not being in the range of measurement equipment and the other by the same low 
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intensity compared with the intensity of the peaks of Fig. 4th. 
Most peaks of MAI (Fig. 5) were absorbed by the structure of the rubber showing good 
assimilation of alternative filler by the rubber. 

Figure 5 XRD of vulcanized nanocomposite plate of rubber containing 40 phr of MAI 
alternative filler. Peak values in Angstrom. [5] 

THERMAL ANALYSIS 
On Fig. 6 is the thermal analysis curves of natural rubber plate. Observed an beginning of 
weight loss at 180 °C and the start of significantly higher weight loss at approximately 320 
°C. The sample showed a total loss of 95.64% of its initial mass. 
In FIG. 7 is visualized the thermal analysis curves of the plate prepared with 40 phr of carbon 
black. The observed beginning of weight loss at 180 °C and the start of significantly increased 
weight loss at about 280 ° C. The sample showed a total loss of mass of about 90%o. 

Figure 6 Thermal analysis of natural rubber plate. [5] 
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Figure 7 Thermal analysis of rubber + 40 phr of carbon-black plate. [5] 

In Fig 8. Is the thermal analysis curves of the plates with 40 phr of MAI. Observed a 
beginning of weight loss at approximately 240 °C and the start of significantly higher weight 
loss at approximately 320 ° C. The sample showed a total loss of 80.0% of its initial mass. 

Figure 8. Thermal Analysis of rubber + MAI plate. [5] 

Table 1 Thermal analysis data [5] 
MATERIAL Weight loss start at = °C 
Natural rubber 180 
Carbon-black 180 
MAI 240 

MAI shows start temperature of thermal degradation up to 17% of carbon black and natural 
rubber plates. 

SPECTROSCOPY IN THE INFRARED REGION 
Great similarity is showed at the infrared spectroscopy curves (Fig.9) of natural rubber plate 
without any filler (a); of the natural rubber + carbon-black plate (b), and with the MAI 
alternative filler (c). 
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Figure 9. IR spectroscopy curves of pure natural rubber (a); natural rubber + carbon-black 
plate (b) and of natural rubber + MAI plate (c). Transmittance axes (x 100%) and 
wavenumber (cm-1) x 1000. [5] 

As a summary of all graphs spectrometry in the infrared region can say that in general there is 
great similarity between the curves obtained for all samples, observing basically 
corresponding to natural rubber peaks. The same should apply the preponderance of the 
amount of natural rubber in the composite. The absorption bands of the links of carbon-black 
and MAI and products are in very close links presented by natural rubber, making them 
imperceptible regions, only competing with them. 

SCANNING ELECTRON MICROSCOPY 
The micrograph of the plate of vulcanized natural rubber is shown in Figure 10. On figure 11 
is showed the SEM micrograph of the rubber + carbon-black plate and finally on figure 12 is 
showed the SEM micrograph of the rubber + MAI alternative filler. 

Figure 10 SEM micrograph of natural rubber. [5] 
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Figure 11 SEM micrograph of rubber + carbon-black plate. [5] 

Figure 12 SEM micrograph of rubber + MAI plate. [5] 

RESULTS OF PHYSICAL ASSAYS 

Table 2 below show the mechanical assays results seeking data on: rupture stress, elongation 
at break and hardness. 

Table 2 Mechanical Assays Results. [5] 

FORMULA RUPTURE 
STRESS 

ELONGATION 
AT BREAK 

SHORE A 
HARDNESS 

Natural rubber 4,2 MPa 675% 43 
Natural rubber + 

carbon-black 11,2 MPa 315 (%) 52 

Natural rubber + 
MAI alternative 

filler 
25,8 MPa 757% 58 

CONCLUSIONS 

- New nanocomposites and composite materials have been developed for the production of 
vulcanized plates showing the potential to replace the traditional carbon-black pollutioner 
filler by the MAI non-conventional particulate fillers and to date no known economical use. 
- Testing of thermal analyzes showed significant increases in temperatures beginning of 
thermal degradation of MAI alternative filler with respect to charged plates with carbon-black 
meaning big gain over traditional materials. 
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- Tests of scanning electron microscopy were useful to verify the homogeneity of the charges 
in the polymer matrix. 
- Plates were obtained with the alternative reinforcer MAI with values of tensile strength 
significantly higher than those of corresponding plates loaded with carbon black, without 
prejudice to the values of elongation and hardness, presenting the best performances. 
- This filler with costs, in principle, lower the carbon black is friendly to the environment and 
will minimize environmental impacts and liabilities. 
The materials have a high potential for substitution, with advantages of carbon black 
composites and nanocomposites of natural rubber. 
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Abstract 

Banana fibers are among the lignocellulosic with great potential for use in polymer composites, 
such as the variety from the Musaceae family, due to its low density and good mechanical 
properties. In this work, epoxy matrix composites incorporated with continuous and aligned 
banana fibers were tested for their flexural behavior. Specimens with up to 30% in volume of 
fibers were bend-tested until rupture. The results showed an increase in both the composite 
mechanical strength and the stiffness with incorporation of these fibers. A fractographic analysis 
by SEM examinations a moderate adhesion mechanism between the banana fiber and the epoxy 
matrix. This mechanism is apparently responsible for the improved performance of the 
composites. 

Keywords: banana fiber, epoxy, flexural properties, fracture analyses. 

Introduction 

In recent years, the substitution of energy-intensive synthetic materials for natural ones 
is being considered in many industrial sectors including automobile, packing and textile 
[1]. A typical case is that of natural fibers, mainly those obtained from cellulose-based 
plants also known as lignocelluloses fibers. They have been investigated in the past two 
decades, aiming to replace synthetic fibers, particularly the glass fiber, commonly used 
as polymer composite reinforcement [2,3], From the engineering point of view, 
lignocellulosic fibers present today important environmental, economical, societal and 
technological advantages already discussed [4,5,6], The banana fiber, although strong 
and flexible [1] has not yet been applied in composites for automobile components. 
Actually, the fibers obtained from the pseudo-stem of the banana tree commonly is 
mainly used to fabricate ropes and baskets owing to its high strength .The mechanical 
properties of banana fiber composites are well known [9-10],Moreover, several 
lignocellulosic fibers are known since the beginning of our civilization and still 
cultivated or naturally extracted all over temperate and tropical regions of the world. 
According to Kalia et al [1], these fibers can be classified by their origin, as shown in 
Table 1. 
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Table 1: Classification of lignocelluloses fibers according to their origin [1], 

Experimental Procedure 

The banana fibers investigated in this work were commercially supplied by a local 
producer. Figure 1 illustrates the typical banana plant, the died stem, some extracted 
plates and a bundle of fibers extracted from it. 

Figure 1. Typical banana plant (a) the Pseudo stem with average diameter of 15-30 cm(b), the 
sun-dried for a week plates(c) and the group of fibers after the defibrillation(d). 

Initially, one hundred fibers were randomly taken out from the bundle for a statistical 
evaluation of diameter as show in the histograms in figure 2. From the histogram an 
average diameter of 0.20 mm was obtained. 

Figure 2. Statistical distribution of the banana fibers. 
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Composites with amounts of 0, 10, 20 and 30 % in volume of banana fibers were fabricated by 
mixing the proper percentage of fibers with a still fluid epoxy resin diglycidyl ether of bisphenol 
A (DGEBA) with Methylene tetramina (TETA) as hardener. Each specimen was set to cure 
at room temperature for 24 hours inside the mold before taking out for testing. 

The mixture was set to cure at room temperature for 24 hours inside a 152 x 122 x 
10mm rectangular mold under 0.53 MPa of pressure. The banana fibers were aligned 
along the 122mm width of the mold, which corresponds to the length of seven 
specimens cut from the composite plate, extracted from the mold after curing. These 
specimens, for each different amount of banana fibers were three points bend tested in a 
model 5582 Instron machine with 100 kN of capacity at a strain rate of 1.6 x 10"2 s"'and 
a span-to-depth ratio of 9. Pure epoxy specimens and fractured composites were 
analyzed by scanning electron microscopy, SEM. 

Results and Discussion 

Typical flexural force vs. deflection curves directly obtained from the machine 
acquisition data program are shown in Figure 3. In this figure it should be noticed that 
not only the flexural curve for the pure epoxy (0% fiber) specimens but also for the 
banana fiber reinforced composite specimens display limited plastic deformation. 
Indeed, after the first linear elastic part of the curves in Figure 3, a sudden drop 
associated with the rupture occurs, which indicates a brittle behavior. 

Deflection (mm) 
Figure 3. Typical force vs. deflection curves for flexural test of epoxy composites with 

0,10,20 and 30 % of volume fraction banana fibers. 

From curves such as the ones shown in Figure 3, the flexural strength (maximum bend 
stress) was calculated. Table 2 presents these values for composites with different 
volume fraction of banana fibers. 
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Table 2: flexural results for the epoxy composites reinforced with banana fibers. 

From the results in Table 2, the variation curve flexural strength with the volume 
fraction of banana fibers are presented in Figure 4. 

90 -i , 1 , 1 , 1 , 1 , 

80-

^ 50-

40-1 , . , . 1 . 1 
0 10 20 30 

Amount of fiber (%) 
Figure 4. Variation of the flexural rupture with the amounts of banana fibers in the 

composites. 

Figure 5 shows a SEM image of a typical rupture of 30% banana fiber composites. Low 
magnification image shown in Fig. 5(a) shows the transversally fractured epoxy with 
embedded fibers and voids corresponding to holes from where fibers have been pulled 
out [10], 

156 



Figure 5. Fraetograph of a 30% in volume of banana fiber composite; (a) general view 
and (b) detail of a fiber/matrix interface debonding. 

With higher magnification, Fig. 5(b), it is revealed that the interface between the banana 
fiber and the epoxy matrix is not continuous. In fact, most of the interfaces present 
evidence of debonding in the form of a separation, Fig. 5(b), of the fiber surface from 
the epoxy matrix [10]. 

Finally, it is relevant to discuss the implication of this rupture mode to the mechanical 
response of the composites. The rupture that initiates inside the epoxy matrix and 
propagates transversally to the fibers alignment provides a longer path to the rupture 
what consume more energy to complete the material rupture that provides the increase 
in the flexural strength [11], 

Conclusions 
• Epoxy matrix composites reinforced with continuous and aligned banana fibers 

show an improvement in the strength as compared to the epoxy matrix. 
• The flexural strength is increased for fiber incorporation above 10% of volume 

fraction owing to the effective participation of the fibers. 
• The visual observation and SEM fractographs revealed that above 10%, 

transversal cracks are effectively arrested by the fibers. As a consequence, 
longitudinal propagation through the weak fiber/matrix interface causes 
delamination and results in an efficient contribution to the relatively stronger 
banana fiber to the final rupture of the composite, which then occurred at higher 
strength. 
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Abstract 

This work aims to study the influence of the nanoclay Cloisite 20A incorporation on mechanical 
properties of ABS (acrylonitrile butadiene styrene). The incorporation of Cloisite 20A was made 
in two steps; firstly,a masterbatch was preparated and then, it was incorporated in ABS. The 
Cloisite 20A masterbatch using 40 % of nanoclay and 60 % of SAN (Styrene Acrylonitrile) was 
prepared in an adiabatic mill. After that, Cloisite 20A masterbarch at 1 and 5 % (wt) was added 
in ABS. The resulting nanocomposites were characterized by tensile tests and the correlation 
between properties was discussed. 

Introduction 

From the beginning of his existence man has been in contact with polymeric materials, in 
antiquity, with natural polymers, Romans and Egyptians used resin materials and lubricants for 
various applications, the exploration of the New World by the Spanish and Portuguese who had 
the first contact Havea with Brasislis base for exploration of the latex. From the macromolecule 
proposed by Hermann Staudinger in 1920 and the work of Wallace H Crothers, who in 1929 
formalized the condensation reactions that gave rise to polyesters and polyamides, discoveries of 
new materials and new applications for polymers entered an accelerated pace growth [1], 
The technological advances in various areas were accompanied by demand for materials with 
increasingly higher properties. In response to this demand, the composites [2] consist of two or 
more physically distinct materials or chemically, conveniently distributed and arranged in stages, 
with an interface separation characteristics and have emerged which can't be portrayed by any of 
the separate components. 
Polymeric Nanocomposites are defined as a class of materials formed by hybrids of organic and 
inorganic materials, wherein the inorganic phase is dispersed in nanometer level in a polymer 
matrix. Polymeric Nanocomposites are defined as a class of polymeric materials modified with 
inorganic fillers which exhibit at least one of the dimensions in the nanometer, lower than 100 
nm range. This group of materials is one of the latest advances in polymeric materials. These 
materials began to be studied in the 80s by the Research Laboratory of Toyota with the 
development of nanocomposites of polyamide and clay [3], 
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The Acrylonitrile-Butadiene-Styrene (ABS) was introduced in the North American market by the 
US Rubber Company, has since been continuously expanded to offer a good combination of 
tensile, impact, hardness and modulus of elasticity in a wide range of temperatures (-40 ° C to 
150 ° C). Moreover, their pieces feature high gloss, dimensional stability and low density. These 
properties make it ideal for various applications such as electronic components, home appliances 
and automotive components [4]. 
The ABS resins are obtained by the copolymerization of acrylonitrile, butadiene and styrene by 
chemical or mechanical processes. The primary chemical process is initiated by the 
polymerization of butadiene, polybutadiene passing then added to the reactor are acrylonitrile 
and styrene. This process is also known as graft polymerization, as the resins thus conceived 
consist of a mixture of two phases by the addition of a rubber in a glass matrix. The main 
mechanical process for obtaining ABS bamburys is carried out in extruders or twin screw. The 
process basically consists in making the mixture of two monomers have polymerized SAN 
(styrene-acrylonitrile) with polybutadiene [5], 
The ABS obtained by mechanical process causes a reduction in compatibility between the 
styrene-acrylonitrile butadiene phase and the matrix which tends to improve the impact 
resistance of the polymer. 
The properties of ABS vary according to the proportion of monomers used, high concentrations 
of acrylonitrile contribute to an increase in heat and chemical resistance of the polymer, 
increasing the concentration of styrene contributes to gloss properties, stiffiiess and 
processability general conditions for so the concentration of butadiene results in a polymer 
having higher impact resistance and toughness at low temperatures [5], 

The first uses of clays refer to the beginning of civilization at that time men used to help meet 
their needs for food, housing, clothing and aesthetics. The clays are part of almost all soil types 
and can also be found in the pure state in mineral deposits [6], 
Clays are rocks consisting essentially of finely divided clay minerals, organic materials and other 
impurities naturally have lamellar or fibrous form due to the crystalline structure present in their 
argilomierais. [7], 
The surface modification of clays is an area that has received much attention because it allows 
broaden the horizons of the application of clays, with its main focus directed to materials 
science, whose goal is to obtain organoclays for use in polymer nanocomposites. Organophilic 
clays are clays containing organic molecules interspersed between the structural layers. The 
intercalation of species causes expansion occurs between the planes of the clay, and changes its 
hydrophilic nature to hydrophobic or organophilic. [8], 
The clays used in the preparation of organophilic clays are bentonites. The term bentonite, 
according to literature, it was first applied to a type of plastic clay and colloidal discovery of a 
rock Fort Benton, Wyoming, USA. Although originally the term was referring to bentonite clay 
rock discovery, currently designates clay composed primarily of montmorillonite clay mineral. 
This smectite clay mineral group is part of a family of clays having similar properties. The term 
bentonite is also used to designate a product with high content of smectite. [9], 
Montmorillonite is the most abundant clay mineral of the smectite group, the general chemical 
formula is given by Mx (A14-xMgx) Si8020- (OH) 4. Has particle sizes which can vary from 2 
mM to very small sizes, such as 0.1 m in diameter with an average size of 0.5 m and a plate or 
strip format. Belongs to the group of phyllosilicates 2: 1, whose plates are characterized by 
structures composed of two silica tetrahedral sheets with a central octahedral sheet of alumina, 
which are joined together by oxygen atoms that are common to both sheets. The leaves have 
continuity in the directions of the axes a and b and generally have orientation in the 
approximately parallel planes (001) of the crystals, which makes the laminated structure. The 
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plates of montmorillonite have irregular profiles, are very thin, has a tendency to aggregate in the 
drying process, and have a good capacity of delamination when placed in contact with water. 
The diameter is approximately 100 nm, the thickness may reach up to 1 nm and lateral 
dimensions can vary from 30 nm to several microns, resulting in a high aspect ratio and can 
reach approximately 1,000 stacking these plates is governed by weak and van der Waals forces, 
and between the plates polar forces respect, there are gaps called galleries or intermediate or 
interlamellar layers that reside exchangeable cations such as Na +, Ca2 +, Li +, fixed 
electrostatically and the function of compensating negative charges generated by isomorphic 
substitutions occurring in the lattice, such as A13 + by Mg2 + or Fe2 + or Mg2 + for Li + [10]. 
The smectite group of clays, especially montmorillonite (bentonite composing) are widely used 
in the preparation of organoclays because of the small size of the crystals, the high exchange 
capacity for cations, and the ability to swell in water which causes the intercalation of organic 
compounds used in the synthesis is rapid and 100% complete [8], 
The use of nanocomposites obtained by dispersing loads with nanometer dimensions at low 
concentrations has been shown to be an excellent alternative to traditional composites showed 
highly superior physical properties to these materials. The improvements depend on the 
properties of the nanocomposites of the interfacial interaction and uniform dispersion of the 
components, or between the matrix and nanocarga. [11] 

Materials and Methods 

Materials 

• Styrene-acrylonitrile - Chi Mei Kibsan PN 117C 
• Acrylonitrile-Butadiene-Styrene - Sansung SD-0150W 
• Clay Cloisite 20A 

Preparation of Nanocomposites 

Two master will be prepared containing 40 wt% nano-clay (Cloisite 20 A) and 60 wt% SAN, 
using an adiabatic mill (Mixer "dryss"). 
Incorporation of the master ABS: master containing 1 to 5% of nanoclay are incorporated into 
ABS using a twin screw extruder. 
The extruded material is pelletized and fed into the injection molding machine to obtain the test 
specimens. 

Results obtained 

The prepared nanocomposites were subjected to tensile tests according to ASTM D 638-01 [12]. 
The results obtained were as follows: 

Table 1 : Mechanical tests results 
Natural ABS 1% wt of nanoclay 5% wt of nanoclay 

Tensile Strength (MPa) 1276 1298 1405 
Tensile max force (MPa) 48,32 47,04 47,45 
Tensile at Break (Mpa) 34,79 41,39 46,18 
Elongation max force (%) 4,502 4,358 3,982 
Elongation at Break (%) 12,68 6,073 4,195 
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Figure 1: Tensile at Break (MPa) X Prepared nanocomposites 

Figure 2: Elongation at break (%) X Prepared nanocomposites 
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Conclusion 

According to the obtained results it can be noticed that incorporation of nanoclay ABS polymeric 
matrix resulted in an increase of the maximum force required to break the specimens; The 
nanocomposite prepared with 1% nanoclay presented a increased by 18.97% in the values of 
Tensile at Break, since the nanocomposite prepared with 5% nanoclay presented a increased by 
32.74% of the values for the same property. On the other hand there is a considerable decrease in 
elongation properties . 
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Abstract 
The mechanical response of closed-cell aluminium metallic foams subjected to low and high 
strain-rate loading has been investigated. A set of quasi-static and dynamic (shock) compressive 
tests have been conducted on closed-cell aluminium foams (CYMAT) with densities of 0.50 and 
0.30 g/cc. Post-mortem characterization via optical microscopy and electron backscatter 
diffraction (EBSD) was performed on pristine and deformed specimens to elucidate the dominant 
deformation mechanisms in these materials. The combination of these techniques allowed for the 
assessment of critical deformation parameters such as changes in cell geometry and morphology, 
as well as microstructural evolution and deformation of the aluminium cellular network. These 
findings aim to aid in the design and development of optimized material structures for impact 
and blast protection. 

Introduction 
Closed-cell aluminium foams have gained high interest due to their novel physical, mechanical, 
thermal and acoustic properties such as light weight, high energy absorption capacity, stability in 
elevated temperature, high damping capacity and fully recyclable [1-13]. In specific, their high 
energy absorption capacity per unit mass makes them very attractive as light-weight materials in 
applications that involve blast and impact events [13-17], 

A summary of the fundamentals of mechanical behaviour of metallic foams can be found in 
Ashby [18]. In general, studies on the high strain-rate behaviour have reported that the energy 
absorption relies heavily on the applied strain-rate [19-24], For instance, Christ et al. [20] 
reported that closed-cell materials lose their ideal deformation behaviour under high strain-rate 
compressive loading due to an increase in material stiffness. Xiang et al. [21] observed that a 
decrease of relative density or an increase in impact velocity led to an increase in the shock 
velocity propagating through the foam. Tan's et al.[5] work, on similar CYMAT foams, showed 
that cell collapse changes with compaction rate. Their work also found that the dynamic response 
depends on the direction of loading relative to the foam geometry, i.e. along the through-
thickness vs. in-plane directions. 

Although the general view (stress-strain and energy absorption) of metallic foams is well 
established an understanding of the microscopic deformation mechanisms at different strain rates 
and their effects on the overall performance is still limited. To this end, the aim of this study was 
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to conduct a comprehensive characterization via optical microscopy and electron backscatter 
diffraction (EBSD) measurements to reveal the deformation mechanisms in these materials. 

Initial Material Characterisation 
Two kinds of closed-cell aluminium foams (CYMAT Aluminium Corporation, Canada) with 
nominal densities of 0.50g/cc and 0.30 g/cc were utilized in these experiments. For convenience, 
we designated the foams with density in the 0.48-0.51g/cc range as HD (high density) and foams 
with density in the 0.31-0.35 g/cc as LD (low density) foams. The measured physical properties 
of the given foams are shown in Table I. 

Table I. Measured physical properties of supplied foams 

Property HD LD 
Density (g/cc) 0.48-0.51 0.31-0.35 
Relative density (%) 17.00-18.80 11.40-12.90 
Porosity (%) 81.20-83.00 87.10-88.60 
Mean Cell-size (mm) 1.75 3.95 
Std. dev. of cell-size (mm) 1.13 1.98 
Wall thickness (mm) 0.10-0.23 0.10-0.21 

The nominal dimensions of the compression samples were 40 mm><40 mm><23 mm. Electro 
discharge machining (EDM) was utilized to avoid distortion in the sample boundaries. Figure 1 
shows optical images of the compression specimens. It is observed that the local density was 
fairly homogeneous along the X and Y directions, whereas a highly heterogeneous cell structure 
was displayed along the Z direction. Details on the morphological and topological cell features 
for these two kinds of foams obtained via X-ray computed tomography has been provided in our 
previous work [25]. 

Figure 1. Supplied CYMAT foams: (a) plane perpendicular to axis of compression (HD: 0.49 
g/cc and LD (0.31 g/cc). (b) Test sample of LD foam (density 0.29g/cc). Uniaxial compressive 
test was performed along Z-direction. 

It was also observed that the cell shape does not follow a specific geometrical shape, but it can 
approximately be considered as elliptical. Average cell-size values for HD were measured to be 
around 1.75 mm to 2 mm, whereas for the LD the values were 3.75 mm to 4.00 mm. The range 
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of cell-wall thickness for the HD was 0.1 mm to 5.5 mm, whereas for the LD foam it was 0.25 
mm to 9.5 mm. 

Figure 2 shows a higher magnification optical micrograph of the cell wall of a HD specimen. It is 
readily observed that the cell-wall thickness varies within the network. Also, a large number of 
imperfections (inclusions/precipitates) and micro-pores are present, predominantly near the wall 
edges. 

Figure 2. Microstructural image of cellular network and cell-wall of HD (0.49 g/cc): (a). Cell-
wall joint (b) Cell-wall surface. 

To further characterize the microstructure within cell walls, electron backscatter diffraction 
(EBSD) measurements were performed in several locations. A representative image is shown in 
Fig. 3. A polycrystalline grain structure is observed with each of the grains spanning several 
hundred micrometres. Furthermore, a dentritic sub-grain structure is also visible in figure 3. 

Figure 3. EBSD maps of area within the cell-wall (a) SEM image, (b) Orientation map. The 
colour in (b) correlates with the crystallographic orientation key (triangle). 

To analyze the chemical composition of the precipitates observed in figure 2, energy dispersive 
spectroscopy (EDS) measurements were conducted at several locations, a representative area is 
shown in figure 4. 
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Figure 4. EDS image of an area within the cell-wall, (a) Two different intermetallic phases (b). 
Iron (Fe) (c). Silicon (Si) (d). Oxygen (O) 

The elemental maps in Fig. 4 qualitatively show that the particles contain traces of Si, O, Fe. 
Quantitative assessments are currently underway to determine the exact chemical composition of 
the precipitates. 

Results and Discussion 
Quasi-static compression 

The quasi-static compression stress-strain results are shown in figure 5. The deformation 
characteristics are observed to follow the typical stress-strain response of closed-cell aluminium 
foams reported in the literature. This response consists of three distinctive regions: an initial 
linear elastic region; an extended plateau state and final densification due to cell collapse. 
Furthermore, it is observed that the plateau stress for the higher density foam constantly rose 
although the stress remained constant for the lower density foam. 

Figure 5. Quasi-static test results a) Stress-strain b) stress-density. 
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Snapshots of the quasistatic compression tests are shown in figure 6. 

Figure 6. Snapshots of the live camera imaging at 0%, 25% and 45% strain of a LD specimen 
(from left to right) 

During the compression tests, live video showed that the commencement of cell collapse started 
in the middle part of the foam structure almost in every specimen. The cell collapse stage is the 
longest stage during these tests, nearly from 2% to 60% of the total strain. In general, this stage 
is a continuous process of cell-wall buckling, yielding and fracturing. Furthermore, it was 
observed that plastic deformation preferentially started in the regions where the foam's density 
was relatively lower (big cell size and large void space). 

Dynamic (Shock) Compression 
Plate impact testing was carried out on a 5 meter single-stage gas gun using aluminium flyer 
plates of 10-mm thick. Three experiments were carried out with three thicknesses of 10mm, 12 
mm, and 14 mm. The flyer plates were launched at~220 m/s or ~480 m/s. The passage of the 
shock wave in the materials was measured using a Heterodyne velocimeter (Het-v). A schematic 
of the experimental technique is shown in figure 7. 

Figure 7. Schematics of plate impact test 

The Het-v was used to track the velocity of the rear free surface of the sample. A disposable 
experimental probe was employed consisting of a collimating lens connected to a 5 m length of 
9/125 |j.m single-mode fibre. 

In these studies, the raw oscilloscope data from the interferometer were processed with 
MATLAB using a Gabor transform, to produce a time-frequency spectrogram. The spectrogram 
images were then processed using a standard image manipulation application (in this case Image 
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J) to manually select points on the plot and digitise those into (X, Y) pairs for subsequent data 
reduction using Microsoft Excel. Figure 8 shows the stress wave velocity verses time graph for 
the samples of size 10, 12 and 14mm. It is noticed that for the higher flyer plate's velocity case, 
the particle velocity at the rear of the target rises quicker than the lower-velocity- impact case. 
This data implies that the compaction wave evolves at a rate determined by the rate of loading 
(consistent with conservation of momentum). Similar results have been shown by Petel et al. 
[26]. The microstructural characterization shock loaded specimens is currently underway and 
will be reported in due time. 

Figure 8. Velocity History diagram for the foam of density 0.5 g/cc. 

Conclusions 
Closed-cell aluminium foams with density 0.50 g/cc and 0.31g/cc were characterized at quasi-
static and dynamic loading rates. The results of the study revealed that the foam structure had 
some elements such as O, Fe and Si. These elements likely contributed to the foams' brittle 
nature - particularly at high strain rates. Secondly, deformation initiated at the weakest point in 
the sample and propagated from this region until densification. Performance of closed-cell 
aluminium foams can be enhanced by minimizing structural defects and optimizing the structural 
parameters such as providing a regular cell distribution. Enhancing the smoothness of the cell 
wall is also likely to enhance performance. 
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Abstract 

For the purpose of extending the service life of MgO-C bricks used as linings of 
vanadium-extraction converters, the effect of Fe addition on properties of MgO-C bricks was 
investigated. The results showed the addition of Fe could effectively improve the sinterability of 
the oxidized layer of the MgO-C refractory at 1400°C due to the effect of FeO (formed by 
oxidation of Fe) on formation of MgO-FeOss and modification of the microstructure, and 
excellent corrosion resistance against vanadium containing slag was also obtained due to the 
increase of compactness of the oxidized layer and concentration of FeO in the oxidized layer. 
Consequently, it is considered that MgO-C brick by introducing the new phase of Fe is a 
favorable substitute of MgO-C refractory to be used as linings of vanadium-extraction 
converters. 

Introduction 

Vanadium exists mainly in vanadium-titanium magnetite which is the mainly source of initial 
vanadium products. Converter vanadium recovery is a main method to produce vanadium, which 
obtains the slag containing V203 by oxidize the iron liquid from converter. Compared to 
traditional converters, the vanadium-extraction converters work in oxidizing atmosphere lower 
temperature (around 1400°C) and acid slag circumstance [1, 2], Consequently, the service life of 
vanadium-extraction converter is only about 7000 heats while MgO-C bricks are used as 
working linings, and the application of slag splashing technology has shown little influence on 
extending of service life. So the requirement to extend the service life of vanadium-extraction 
converter has caused much attention [3-5], For this purpose, the present work designed a novel 
refractory as linings refractories of vanadium-extraction converter, and the properties of this 
novel refractories were investigated by comparing to these of the traditional MgO-C bricks 
(without Fe). 
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Raw Materials and Procedures 

Base on the practical production of MgO-C refractories, two batches of starting materials with 
14% and 16% graphite with purity of more than 98.0% and the fused magnesia clinker with 
purity of more than 98.5% (for the linings used in the metal bath and the slag line) were well 
mixed respectively, with external addition of 8% to 12% Fe powder with purity of 99.5% and 4% 
phenol resin as binder for preparation of the novel refractories. The grain size composition of 
fused magnesia was the same as that of the practical production of MgO-C brick for converter 
linings, with maximum grain size of 3 mm. Then the mixed powders were shaped to the 
cylindrical samples sized D50 mm * ~60 mm under 500 MPa. The samples were dried at 200°C 
for 24h in air atmosphere for use. And then the bulk density and apparent porosity were 
measured in kerosene according to Archimedes' principle [6], The oxidation resistance was 
evaluated by determining the thickness of oxidized layer of the bricks after heating at 1400°C for 
3h in air atmosphere, and the cold compressive strength was determined by the average values of 
cold strength of 5 samples. For the evaluation of slag corrosion resistance against vanadium 
containing slag, the crucibles with inner diameter of 26 mm and depth of 40 mm were prepared 
by drilling the as-dried cylindrical bricks, and then the slag corrosion resistance was evaluated by 
measuring the depth of the vanadium containing slag penetrating into the crucibles and 
observation of the microstructure after soaking the crucibles at 1400°C for 4h. In addition, the 
phase compositions of the samples was examined by X-ray diffraction, and the microstructures 
and element distribution of the refractories were analyzed by scanning electron microscopy 
(SEM, 20 kV) attached with energy-dispersive X-ray (EDX). 

Results and Discussion 

Physical Properties 

Figure 1 shows the bulk density and apparent porosity of the two batches of the dried and 
oxidative samples with different content of Fe; here C14 and C16 denote that the content of C are 
14% and 16% in the refractories. Figure 1(a) shows the bulk density and apparent porosity of the 
dried samples (drying at 200°C for 24h in the air atmosphere). It is observed that the bulk density 
of MgO-C bricks with 14% and 16% graphite was 2.93 g/cm3 and 2.89 g/cm3 respectively while 
Fe content was 0%. After Fe was added, the bulk density of MgO-C bricks with 14% and 16% 
graphite was slightly increased, and it was 3.20 g/cm3 and 3.15 g/cm3 respectively while Fe 
content was 12%. Meanwhile, the apparent porosity of MgO-C brick was also slightly increased 
while Fe was introduced, and it increased from 3.60% to 5.20% with increasing the content of Fe 
from 0 to 12% for the sample with 14% graphite, while it increased from 5.05% to 6.25% for the 
sample with 16% graphite when the content of Fe increased from 0 to 12%. It is considered that 
the slight increase in bulk density of the bricks by introducing the new phase of Fe was due to its 
higher theoretic density compared with other phases in the bricks, and the slight increase in 
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apparent porosity is considered due to the variation of plasticity of the starting materials during 
shaping process with the content of graphite decrease caused by addition of Fe. 
Figure 1(b) shows the bulk density and apparent porosity of samples after oxidation test (heating 
at 1400°C for 3h in air atmosphere). It is observed that the bulk density of MgO-C brick with 
14% graphite and 0% Fe was decreased to 2.70 g/cm3, with apparent porosity sharply increased 
to 20.99%. With increasing of graphite content to 16% and 0% Fe, the oxidation resistance was 
further decreased, and the apparent porosity further increased to 24.50%. By introducing Fe, the 
oxidation resistance of MgO-C bricks was improved for both batches of samples, and the 
apparent porosity was decreased to 16.50% and 17.00% respectively for the samples with 14% 
and 16% graphite while the content of Fe was 12%. This result indicates that the addition of Fe 
can effectively depress the degradation of compactness of MgO-C brick caused by oxidation of 
carbon in the refractories. 
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Figure 2 shows the changes of cold compressive strength of the two batches of samples after 
drying and oxidation test. It is observed that the cold compressive strength was 27.5 MPa for the 
as-dried MgO-C brick with 14% graphite and 0% Fe, and it was abruptly decreased to 12.5 MPa 
after oxidation test. With increasing graphite content to 16% and 0% Fe, the strength was further 
decreased from 24.8 MPa to only 7.9 MPa. But the cold strength only slightly decreased from 
26.5 MPa to 23.5 MPa for the sample with 14% graphite and 8% Fe, indicating that the addition 
of Fe showed excellent performance on maintaining compressive strength of MgO-C brick after 
the refractories were exposed to oxidizing atmosphere at higher temperatures. For the sample 
with 16% graphite, the effect of Fe addition showed a similar tendency on improvement of cold 
compressive strength of the oxidized samples. 
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Figure 2 Cold compressive strength of the bricks after drying and heating at 1400°C for 3h in air. 

Phase Composition and Microstructure 

Figure 3 shows the XRD patterns of the refractories with 16% graphite after drying and heating 
at 1400°C for 3h in air. For the MgO-C brick without Fe, periclase and graphite were detected in 
the original brick layer, and only periclase was detected in the oxidized layer. But for MgO-C 
brick by addition 10% Fe powder, a-Fe was detected in the original brick layer besides periclase 
and graphite. This result indicates that Fe can coexist with graphite in MgO-C refractories at 
higher temperatures. It is also observed that magnesio-wustite (MgO-FeOss) and a small amount 
of magnesioferrite (MgO-Fe2C>3) were detected in the oxidized layer. The reason is that graphite 
was firstly oxidized according to Reaction 1 when MgO-C refractories containing Fe were 
exposed to the oxidizing atmosphere. And after Reaction 1 finished, Reaction 2 happened and Fe 
transferred to FeO. Then the formed FeO further dissolved to periclase lattice in the refractories 
to form magnesio-wustite (MgO-FeOss) at higher temperatures according to Reaction 3. During 
temperature dropping process, FeO precipitated from wustite according the reverse direction of 
Reaction 3 and was further oxidized to Fe203 according to Reaction 4, and finally the formed 
Fe203 reacted with MgO to form magnesioferrite according Reaction 5 [7], Therefore, it is 
considered that Fe would transfer to FeO at higher temperature and the formation of 
magnesioferrite is considered due to the precipitation and oxidation reactions during temperature 
dropping process. 

2C + 02(g) = 2CO (1) 
2Fe + 02(g) = 2FeO (2) 
FeO + MgO ^ MgO-FeOss (3) 

2FeO+0.5 02(g) = Fe203 (4) 
Fe203 + MgO = M g 0 F e 2 0 3 (5) 
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Figure 3 XRD patterns of MgO-16%C bricks after drying and heating at 1400°C for 3h in air 
conditions. 

Oxidation Resistance 

Figure 4 shows the microstructure of bricks with 14% carbon after heating at 1400°C for 3h in 
air. For MgO-C brick without Fe addition, it is observed that the oxidized layer with maximum 
of 4~5 mm in thickness was formed (as shown in Figure 4a). By introducing 10% Fe, a thinner 
oxidized layer with maximum of 3~4 mm in thickness was formed (as shown in Figure 4b). For 
MgO-C bricks without Fe addition (as shown in Figure 4a), it is observed that there are many 
pores in the matrix of MgO-C refractories after carbon was oxidized, with periclase grains 
existed in isolation. This result indicates that the periclase grains were not well sintered under 
1400°C after carbon in the refractory was oxidized, as the initial sintering temperature of MgO 
was much higher than 1400°C [8], As a result, the bonding strength between the periclase grains 
in the oxidized layer was very poor, and the oxidized layer would easily drop off. For this reason, 
it is considered that the traditional MgO-C refractories that are usually used as linings of 
steel-making converter are not suitable used as linings of the vanadium-extraction converter. 
After the MgO-C brick containing 10% Fe was heated at 1400°C for 3h in air and the oxidized 
layer was formed (as shown in Figure 4b), it is observed that the porous microstructure was also 
formed in the oxidized layer, but the oxidized layer looks compacter compared to that of MgO-C 
brick without Fe addition. Meanwhile, the grain size also looks larger than that in MgO-C brick 
without Fe addition, with most of these grains bonded together to form network microstructure. 
It is considered that the formation of network microstructure in the oxidized layer is favorable to 
improve the bonding strength of the periclase grains in the matrix and further to improve the 
erosion resistance of the oxidized layer. In addition, it is also observed that Fe disappeared in the 
oxidized layer, with bright grey phase formed around the surface layer of the large periclase 
grain, while the color of small periclase grain had completely transferred from grey to bright 
grey. EDX analysis showed that the bright grey zone was consisted of MgO-FeOss and 
magnesioferrite. Meanwhile the small periclase grains had completely transferred to MgO-FeOss, 
uniform color of bright grey was observed. But for the large periclase grains, solid solution 
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reaction was not finished, and MgO-FeOss only formed on the surface layer of periclase grains. It 
is considered that the formation of MgO-FeOss promoted the sintering of oxidized layer. 

Figure 4 BSE images of the microstructures of the matrix of MgO-14%C bricks after heating at 
1400 °C for 3h. (a) without Fe; (b) with 10% Fe. 

Slag Corrosion Resistance 

Figure 5 shows typical optical photograph of the longitudinal section of the crucible filled with 
vanadium containing slag after heating at 1400°C for 4h in air. For the MgO-C crucible, it is 
observed that the slag deeply permeated into the crucible, with the most serious position almost 
permeated completely. For MgO-C crucible containing 10% Fe, the internal shape was well kept 
after slag corrosion test, with slag slightly permeated. This result further indicates that the slag 
corrosion resistance of MgO-C refractory containing Fe against vanadium containing slag was 
much better than that of the MgO-C refractory without Fe. The effect of Fe on the MgO-C 
refractories slag corrosion resistance is considered due to the increase of compactness and 
concentration of FeO in the oxidized layer by the formation of MgO-FeOss to retard the diffusion 
of FeO from slag to the oxidized layer. 

Figure 5 The longitudinal section photographs of MgO-16%C crucibles with vanadium slag after 
heating at 1400°C for 4h. (a) without Fe; (b) with 10% Fe. 
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Conclusions 

The properties of novel MgO-C refractory by addition of Fe as working linings of 
vanadium-extraction converters were investigated by comparison with the traditional MgO-C 
refractory. Based on the above results, the following conclusions have been drawn: 
(1) The stable co-existing phases in MgO-C refractory by addition of Fe were periclase, graphite 
and Fe, and some of Fe and periclase transferred to MgO-FeOss after heating at 1400°C in air 
atmosphere, and a part of MgO-FeOss further transferred to magnesioferrite due to the further 
oxidation of FeO deposited from MgO-FeOss during temperature dropping process. 
(2) The compactness of the oxidized layer of MgO-C brick by addition of Fe formed by heating 
at 1400°C was much higher than that of MgO-C brick without Fe addition due to the increase of 
sintering activity and volume expansion effect owing to the formation of MgO-FeOss to cause 
excellent compressive strength than that of traditional MgO-C bricks after heating at 1400°C in 
air condition. 
(3) MgO-C refractory by addition of Fe showed excellent oxidation resistance against vanadium 
containing slag in vanadium-extraction converter compared to MgO-C refractory without Fe 
addition due to the increase of compactness of oxidized layer and concentration of FeO in the 
oxidized layer, and is considered to be a favorable substitute of the traditional MgO-C brick 
refractory to be used as linings of vanadium-extraction converter. 
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Abstract 

A three-dimensional (3D) electrode reactor combined with Fenton reagent was used for 
advanced treatment of coking wastewater from secondary biological treatment. Effects of some 
key factors on total organic carbon (TOC) removal rate were investigated, and the results were 
compared with those of the common three-dimensional electrode reactor. Experimental results 
showed that TOC removal rate could reach 51.7%, when optimal operating conditions were as 
follows: initial pH value 3.5, H2O2 dosage 17.6mmol/L, reaction time 90min and FeS0<f7H20 
dosage 3.5mmol/L. Analytical results from UV absorption spectra indicated that the organic 
substances in the coking wastewater were well degraded by this system, which provided good 
experimental basis for the practical application of this process in the treatment of coking 
wastewater. This can be meaningful for the treatment of other kinds of waste water. 

Introduction 

Coking-plant wastewater containing phenol compounds, heterocyclic compounds, polycyclic 
aromatic hydrocarbons, ammonia, sulfide, cyanide, thiocyanate and other toxic and harmful 
substances, is a typical highly toxic organic wastewater [1-3]. The conventional treatment 
process of coking wastewater includes steam stripping of ammonia, followed by different forms 
of A/O biological nitrogen removal process. However, these processes are not sufficient to meet 
the strict requirements of the National Discharge Standard of China (COD <100 mg/L, 
GB16171-2012) [4,5], Therefore, seeking high efficiency, low consumption, no secondary 
pollution and easily controllable coking wastewater advanced treatment technology is still 
necessary for researchers. 3D electrode electrochemical reactor has been widely used in organic 
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wastewater treatment, and has shown excellent effect[l,3-5]. The Fenton reaction is also 
considered suitable for the treatment of bio-refractory wastewaters due to its high efficiency, 
simplicity of operation and low cost[6]. The objective of this study is to investigate the feasibility 
of combination of Fenton reagent method and 3D electrode electrochemical oxidation processes 
applied in the advanced treatment of coking wastewater with TOC index as the main target 
parameter. It may reduce energy consumption and improve the efficiency of current. 

Materials and Methods 

Raw Wastewater and Materials 

The raw wastewater used in the experiments was collected from the outlet of a WISCO coke 
plant with the treatment processes of steam stripping of ammonia and O1/A/O2 biological 
treatment and chemical coagulation precipitation, the main water quality indicators are shown in 
Table I . 

Table I . Characteristics of raw wastewater 

Parameter PH 
COD/ TOC BOD5/ N H 3 - N / Conductivity/ 

Parameter PH 
(mg.L"1) (mg.L"1) (mg.L"1) (mg.L"1) 

Conductivity/ 
PH 

(mg.L"1) (mg.L"1) (mg.L"1) (mg.L"1) (j.S/cm 
Raw 7.0±0.2 101±10 60±5 23±5 5.3±0.5 4500 

Effluent standard 6.0—9.0 100 - 25 15.0 -

Note: Emission standard of pollutants for coking chemical plant(GB16171-2012) 

All the chemicals of this study, including NaOH, HC1, 30%H202, FeS04-7H202, K2Cr207, 
Mn(NC>3)2, Zn(NC>3)2, etc, are in analytical reagents grade. They were produced by China 
Chemical Reagent Co., LTD. 

Experimental Procedure 

Batch experiments were conducted in a 3D fluidized bed electrode reactor (3.5 L) at room 
temperature. The schematic diagram of a home-made 3D fluidized bed electrode reactor and the 
prepared electrodes used were the same one reported previously [5], The coking wastewater was 
treated in an electrolytic cell using two pieces of titanium based Ti/Ru02-Ti02-Ir02 plane 
electrodes as anode, and two pieces of graphite plate as cathode. The effective surface area of the 
electrode and air aeration were 150 cm2, 160L/h, respectively. A stabilized DC power supply 
was used as the source of electric current for the experiments. The current and voltage were 5 A 
and 6.4 V with digital displays. The anode and cathode were positioned vertically and parallel to 
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each other with an inter electrode gap of 1 cm. Since the electrochemical oxidation greatly 
affects the pH of effluent, the initial solution pH was controlled by adding HC1 orNaOH solution. 
A given amount of H2O2 or Fe2+ were then mixed into the solution. The samples were taken at 
selected intervals and filtered through a 0.45jim filter film to remove suspended solid before 
analyses of the solution. 

Analytical Methods 

The water samples were analyzed by following the standard methods specified in the Monitoring 
and Analytical Methods of Water and Wastewater [7], The total organic carbon (TOC) 
concentration was monitored using Multi N/C 2100 Analyzer (Analytik Jena AG Corporation, 
Germany). The pH was measured by using the glass electrodes; COD by the potassium 
dichromate method; NH3-N by using Nessler's reagent spectrophotometry; UV absorption scan 
was conducted by UV-vis spectrophotometer (UV2450, SHIMADZU Corporation, Japan). 

Results and Discussion 

Effect of Initial pH on TOC Removal Rate 

Figure 1 shows the evolution of TOC removal rate as a function of pH value when the 3D 
electrode reactor maintained a constant operating conditions. As shown in Figure 1, with the 
increasing of initial pH value of raw wastewater, the removal rate of TOC increases first and 
then decreases, the TOC removal rate reaches the peak when pH value is 3.5. Once the initial pH 
value is above 6, and the removal rate of TOC decreases. According to the mechanism of the 
Fenton reaction, hydroxyl radicals ['OH] can be generated by the Fe2+catalytic decomposition of 
H202and proceeds via a free radical chain process under acidic conditions [8], The hydroxyl 
radicals ['OH] can oxidize any organic matter in the wastewater, and most organic pollutes can 
be degraded to small molecule organics or resulted in complete mineralization (CO2 and H2O). 
Fe2+ catalyst can be oxidized as Fe3+ as shown in reaction (1), then is regenerated by reaction (2). 
As can be seen from the reaction (1), when [OH"] increases under alkaline conditions, hydroxyl 
radicals ['OH] tends to decrease. When initial pH is 3~5, [H+] in solution can react [OH"] 
produced in reaction (1), which is beneficial to the hydroxyl radicals[-OH] generation when 
neutralization reaction occurs. However, when pH increasing, hydroxyl radicals ['OH] generated 
in reaction (1) can be consumed, inhibiting the reaction (1) from moving to the right direction. 
Much floes (complexes of Fe hydroxides and organic compounds) are formed in coagulation 
process when pH is above 8.0. The coagulation removes Fe2+catalyst from the system, affecting 
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the ['OH] production and the catalytic decomposition of H2O2 generating O2, thus the oxidation 

ability of Fenton reagent decreased [8,9], 

Fe2++H202 Fe3++OH"+-OH (1) 

Fe3++H202 *-Fe2++H02-+H+ (2) 

pH 

Figure 1. Effect of initial pH on TOC removal rate 

( H 2 O 2 dosage: 19.6mmol/L; Fe2+dosage: 3.5mmol/L; time: 40min) 

Effect of H7O7 Dosage on TOC Removal Rate 

H202 dosage/(nunol/L) 

Figure 2. Effect of H2O2 dosage on TOC removal rate 

(initial pH: 3.5: Fe2+dosage: 3.5mmol/L;time:60min) 

Figure 2 shows the effect of H2O2 dosage on TOC removal rate. With the increase of H2O2 

dosage, TOC removal rate increases distinctly. When the H2O2 dosage is over 17.6mmol/L, TOC 

removal rate gradually levels off. The reason can be that at the lower H2O2 dosage range, the 

increase of dosage will increase hydroxyl radicals ['OH] concentration, which is conducive to the 
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rapid degradation of pollutants in wastewater. However, the higher H2O2 dosage (>17.6 mmol/L) 
does not enhance the TOC removal efficiency. It is because the H2O2 decomposition and more 
Fe2+ is rapidly oxidized to Fe3+, which consumes more H2O2 dosage and inhibits the production 
of hydroxyl radicals [-OH], resulting in the slow increase of TOC removal rate[10]. Considering 
the economic aspect, the optimum of H2O2 dosage is 17.6mmol/L. 

Effect of Fe2+ Dosage on TOC Removal Rate 

Fe2+, as the catalyst, plays a vital role in the Fenton system. Figure 3 shows the effects of Fe2+ 

dosage on TOC removal rate. The results indicate that TOC removal rate can obtain higher 
efficiency within a certain range. When the Fe2+ dosage increases to 5.5mmol/L and TOC 
removal rate will reach 48.9%. Continuing increase of Fe2+concentration will result in the TOC 
removal rate decreasing. This behavior may be explained by the fact that lower Fe2+ dosage 
make less hydroxyl radicals ['OH], leading to seriously damage to Fenton system of chain 
reaction, thus affecting the oxidation ability of the reaction system. On the other hand, more Fe2+ 

dosage will generate more hydroxyl radicals ['OH] concentration. Higher dosages make much 
[•OH] free radicals reacting with themselves, instead of organic pollutes in wastewater. The 
occurrence of the complex self-reaction (side reaction) will result in ['OH] free radicals losing 
oxidation effect. In addition, adding more excessive Fe2+, will increase cost and produce large 
amounts of chemical sludge to be treated. Therefore, the optimum of Fe2+ dosage is 3.5mmol/L. 

Fe2+dosage/(mmol) 

Figure 3. Effect of ferrous ion dosage on TOC removal rate 
(initial pH:3.5, H2O2dosage: 17.6mmol/L, time: 60min) 

Effect of Reaction Time on TOC Removal Rate 

Reaction time is an important factor for considering the effect of operation cost. Longer reaction 
time means more energy consumption and higher cost. Figure 4 shows the effect of reaction time 
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on TOC removal rate. The experimental results show that, with the reaction time increasing, the 
removal rate of TOC will increase. TOC removal rate can increase quickly in 30min, and then 
increase slowly. This behaviors can be explained by that lots of ['OH] free radicals generated is 
first from the Fenton reaction system, and this combined process is very fast. Once Fe2+ 

concentration in the system decreases for the reaction consumption, ['OH] free radicals 
concentration also decreases, which inhibits the velocity of degradation process, then 3D 
electrode reactor is the dominant factor in producing ['OH] free radicals [11], Figure 5 shows the 
UV scan results of coking wastewater treated by 3D electrode combined with Fenton reagent at 
different reaction time. It is found that with the reaction time increasing, the absorbance 
decreases, which indicates the organic pollutes in wastewater are degraded. Thereby, considering 
the economic cost, the optimal reaction time is 90min, and the TOC removal rate can reach 
51.7%. 

time/(mill) 

Figure 4. Effect of reaction time on TOC removal rate 
(initial pH :3.5; H2O2dosage: 17.6mmol/L; Fe2+dosage: 3.5mmol/L) 

200 220 240 260 280 300 320 340 360 380 400 420 
wavelength / (run) 

Figure 5. UV spectral change of coking wastewater with different reaction time 
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Comparison of Traditional 3D Electronic Oxidation and 3D Electronic Oxidation Combined with 
Fenton Oxidation 

Under the same operating conditions, Figure 6 shows the results between 3D electrode combined 
with Fenton reagent and general 3D electrode reactor on the TOC removal rate of coking 
wastewater. As shown in Figure 6, 3D electrode combined with Fenton reagent shows superior 
degradation performances than the general 3D electrode reactor does after treatment at 30min 
and their TOC removal rate are 56.4% and 41.2%, respectively, which may be attributed to the 
synergistic effect of 3D electrode electro-oxidation and Fenton reagent oxidation at the former 
30min. However, with the increase of reaction time, 3D electrode electro-oxidation dominates 
the whole reaction system gradually, and H2O2 in Fenton reagent is almost consumed completely 
after 70min of electrolysis time. The two methods of treatment effect will gradually approach 
together. The results of this study reveal that 3D electrode combined with Fenton reagent process 
will be available for overcoming higher energy consumption of general 3D electrode oxidation. 

Figure 6. Comparison of treatment efficiency of 3D electrode reactor and 3D electrode 
combined Fenton reagent 

The 3D electrode combined with Fenton reagent method is very promising for advanced 
treatment of coking wastewater. In the investigated conditions, complete mineralization of 
organic pollutants and removal of TOC is almost achieved. Compared to the single 3D electrode 
oxidation, the 3D electrode combined with Fenton reagent method can significantly speed up and 
improve the treatment efficiency of coking wastewater. The single factor test shows that the 
optimal parameters are pH 3.5, H2O2 dosage 17.6mmol/L, the reaction time 90min, FeS04.7H20 
dosage 3.5mmol/L, respectively, and the TOC removal rate can reach 51.7%. This work provides 
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an efficient technique to avoid higher operation cost in general 3D electrode oxidation, which is 
also feasible for engineering application. 

References 

[1]Zhu X. et al., "Optimization of Fenton and electro-Fenton oxidation of biologically treated 
coking wastewater using response surface methodology," Separation and Purification 
Technology, 81(3)( 2011),444-450. 
[2]Kim Y.M. et al., "Inhibitory effects of toxic compounds on nitrification process for cokes 
wastewater treatment," Journal of Hazardous Materials, 152(3)(2008),915-921. 
[3]Zhang M. et al., "Adsorption of organic pollutants from coking wastewater by activated 
coke," Colloids and Surfaces A: Physicochemical and Engineering Aspects, 
362(1-3X 2010),140-146. 
[4]Wang J. et al.,"Experimental research on advanced treatment process of coking-plant 
wastewater," Chinese Journal of Environmental Engineering, 3(10)( 2009), 1804-1807(in 
Chinese). 
[5]Zhang L. et al.,"Advanced treatment of coking wastewater using three-dimensional fluid bed 
electrode reactor", Ecology and environmental sciences, 21(2)( 2012) ,370-374(in Chinese). 
[6]Jiang W. et al., "Combined fenton oxidation and biological activated carbon process for 
recycling of coking plant effluent", Journal ofHazardous Materials,\%9{ l-2)( 2011),308-314. 
[7]State Bureau of Environmental Protection. The Editorial Pool of Analysis Method of Water 
and Wastewater. Analysis Method of Water and Wastewater. 4rd ed. Beijing: China 
Environmental Science Press, 2002. 
[8]Li D.,"The progress of catalytic technologies in water purification^ review," Journal of 
Environmental Sciences, 21(6) (2009),713-719. 
[9]XiaoY. et al., "Degradation of polyvinyl-alcohol wastewater by Fenton's reagent: Condition 
optimization and enhanced biodegradability," Journal of Central South University of Technology, 
18(1)( 2011),96-100. 
[10]Xiao K. et al.,"Degradation of nitrobenzene wastewater by three-dimension electrode 
method coupling electro-Fenton,"Journal of South China University of Technology (Natural 
Science Edition) ,38(8)(2010),131-135.(in Chinese) 
[1 l]Shi Y. et al., "Treatment of landfill leachate by three-dimensional-electrode electro-Fenton 
process, "Journal of Tianjin University(Science and Technology), 42(3)(2009),248-252.(in 
Chinese) 

192 



Characterization of Minerals, Metals, and Materials 2015 
Edited by: John S. Carpenter, Chenguang Bai, Juan Pablo Escobedo, Jiann-Yang Hwang, Shadia Ikhmayies, 

BowenLi, JianLi, Sergio Neves Monteiro, Zhiwei Peng, and Mingming Zhang 
TMS (The Minerals, Metals & Materials Society), 2015 

CHARACTERIZATION OF STEELMAKING DESULFURIZATION SLAG 

Mallikharjuna R. Bogala1, Mingming Zhang2, Ramana G. Reddy3* 

"Graduate Student, b Senior Research Engineer, cACIPCO Endowed Professor 
1,3Department of Metallurgical and Materials Engineering, The University of Alabama, 

Tuscaloosa, AL 35487, USA 
2ArcelorMittal Global R&D, 3001 E. Columbus Dr. East Chicago, IN 46312, USA 

Abstract 

Steelmaking desulfurization slag samples were characterized using chemical, X-ray diffraction 
(XRD), scanning electron microscopy (SEM) and energy dispersive spectrometry (EDS) 
methods. The objective of this work is to investigate the occurrence of sulfur and phosphorus 
components in the slag samples and to identify their origin and associations with the iron phases. 
Thermodynamic calculations results confirm the presence of phosphorus and sulfur components 
in the slag sample at high temperatures (1400 to 1800°C). The main constituents of slag include 
Ca3Si05 (28.1%), MgO (9.31%), Ca3(P04)2 (9.18%), CaS (8.39%) and CaO (5.68%). The major 
phosphorus and sulfur components of the slag are Ca 3 P0 4 (99.2%) and CaS (79.3%) 
respectively. Characterization studies indicate the presence of microparticles of different sizes 
and shapes in the slag sample. Elemental analysis of these particles confirm the presence of 
major elements (O, Mg, Al, Si, S, Ca and Fe) in the slag sample. 

Keywords: Steelmaking, desulfurization, slag, Gibbs energy, P and S components 

Introduction 

Steelmaking slag is one of the main by-products generated during the separation of molten steel 
from the impurities of steelmaking furnaces, either in basic oxygen furnace (BOF) of integrated 
steel plants or in electric arc furnace (EAF) mini-mills of the specialty steel plants [1, 2], These 
steelmaking slags typically contain 20 - 25% iron and they are important iron unit supply for the 
upstream iron making. The iron in steelmaking slag has the advantage of either being partially 
converted to iron oxides, such as Magnetite (Fe304) or Wustite (FeO), or being completely 
reduced to metallic Fe [3], Commonly, the low iron content steelmaking slag is sold as 
aggregate, stockpiled, inventoried or in the worst case, it is landfilled at the costs of US $10-100 
per ton. Various technologies have been developed to obtain higher recoveries of iron units in the 
steelmaking slag before its final application, both to improve the iron utilization efficiency and to 
reduce the slag volume. 

According to the American Iron and Steel Institute (AISI) report on 'Steel Industry Technology 
Roadmap', every year only ~ 1 . 8 million tons of iron units is recycled from the total slag 
containing 3.9 million tons of iron units by US steel mills [4], But, these are low estimates 
because only BOF and EAF slags were considered, while all other steel mill by-products such as 

* Corresponding author. Tel.: +1 205 348 4246; fax: +1 205 348 2164. 
E-mail address: rreddy@eng.ua.edu (R.G. Reddy). 
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hot metal pretreatment (desulfurization) slags and ladle slags were excluded from the production 
calculations of total slag. Table I summarizes the information from 'U.S. Geological Survey 
Minerals Yearbook' on iron and steel slag sold or used during the year 2002 by United States [5], 
Therefore, there is a huge potential for the development of refining technology to improve iron 
recovery for each of the aforementioned steelmaking slags. 

Table I. Iron and Steel slag sold or used in the United States in 2002 [5] 

Blast furnace slag1 Steel Total iron 
Air-cooled Granulated Total2 furnace slag and steel slag2 

Quantity3 7.4 3.7 11.0 7.9 19.0 
(million metric tons) 
Value6'4 55 210 265 29 294 
(million dollars) 
Estimated 
'Excludes expanded slag to protect company proprietary data. The quantity is very small (less than 0.1 unit). 
2Data may not add to totals shown because of independent rounding. 
Quantities are rounded to reflect inclusion of some estimated data and to reflect inherent accuracy limitations 
of reported data. 
4Values are rounded because of the inclusion of a large estimated component. 

For desulfurization slags, the main contaminant in slag is from sulfur and it is removed from the 
liquid ferro-alloys after deoxidation at high temperatures of 1550 - 1600°C [6], The operation is 
performed by stirring the deoxidized liquid steel with a slag rich in lime. Usually, the slag is very 
alkaline in nature and it contain no easily reducible oxide that might increase the oxygen content 
of the metal. Any iron recovery technologies for the slags has to be effective in the separation of 
iron metal from sulfur and other undesired constituents. 

Obtaining a comprehensive understanding on the composition and properties of the steelmaking 
desulfurization slags is very essential for assessment of the iron recovery technology. Therefore, 
the current study is mainly focused on the characterization of the chemical and microstructural 
properties and prediction of main phases of sulfur and phosphorus in the slag at high 
temperatures. 

Materials and Methods 

Steelmaking desulfurization slag sample needed for the current study was obtained from 
ArcelorMittal. About 5 to 10 g of the as-received greyish-black slag sample was placed in a 
mortar and sufficient amount of acetone solvent was added to it. The slag sample was grinded 
using a pestle, thoroughly mixed and then completely dried. The sample powder was 
characterized for (i) the phase and structure of slag components using X-ray diffraction (XRD), 
(ii) the surface morphology using high resolution scanning electron microscope (SEM) and (iii) 
the elemental composition using energy dispersive spectrometer (EDS) attached to the SEM 
instrument. 

The initial weight% of slag components (from Table EI) was entered as input and Gibbs energy 
minimization was performed to predict the major components associated with sulfur and 
phosphorus at high temperatures (1400 - 1800°C) and 1 atm pressure. 
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Results and Discussions 

The initial composition of different components present in the as-obtained slag sample from 
ArcelorMittal is listed in the Table II. The significant components of the greyish-black slag 
sample are CaO, Fe (total), Si0 2 , MgO, A1203 and MnO. Thermodynamic modelling studies 
were conducted to determine the main components associated with sulfur and phosphorus at high 
temperatures (1400 - 1800°C) and 1 atm pressure. 

Table II. Weight% of different components in slag sample 

Component AI2O3 C CaO Cr 2 0 3 FeT LOI* MgO MnO 
Weight% 4.88 0.89 33.20 0.29 22.86 3.83 9.6 3.74 
Component N a 2 0 P" S Si0 2 Sr Ti0 2 Z r 0 2 K 2 O 
Weight% 0.1 0.21 0.09 10.2 

ON ^ T-
0.01 0.52 0.08 0.01 

fFe = FeO, Fe203, Fe304, FeP, FeS and FeS2; "P = CaP204 and CaP2; *LOI = Loss -on-ignition 

Thermodynamic Modelling 
Table III lists the initial wt.% of slag components that was given as input to the 'Equilibrium 
Compositions' module of HSC 7.1 software at room temperature. LOI from Table II was 
excluded for the calculations. Ca(P03)2 and Ca3P2 phases were considered for CaP 2 0 4 and CaP2 

phases (of Table II) respectively, since the later phases were not recognized by the HSC and the 
total wt% of P (0.21) is equally divided between the components. The total composition of Fe 
(22.86%) is evenly distributed among all the Fe components (FeO, Fe 2 0 3 , Fe 3 0 4 , FeP, FeS and 
FeS2). 

Table III. Input weight% of the slag components for thermodynamic calculations 

Components AI2O3 C CaO Cr 2 0 3 FeO Fe 2 0 3 Fe 3 0 4 FeS FeS2 FeP MgO 
Weight% 5.63 1.03 38.30 0.33 4.40 4.40 4.40 4.40 4.40 4.40 11.08 
Components MnO N a 2 0 Ca(P03)2 Ca3P2 S Si0 2 Sr Ti0 2 Zr0 2 K 2 O 
Weight% 4.31 0.12 0.12 0.12 0.10 11.77 0.01 0.60 0.09 0.12 

Gibbs energy minimization was performed with 30 iterations on the initial input data of Table III 
at temperatures 1400 - 1800°C. A total of 580 compounds (solids, liquids and gases) were 
identified within the temperature range. Table IV shows the list of some components of slag in 
descending order of wt.% at temperatures 1400 - 1800°C. The major components include 
Ca3Si05 , MgO, Ca3(P04)2 , CaS, CaO, Fe, A1203 , Ca3Si207, CaSi0 3 and Mn(CO)i0. Among all 
the determined phases, a total of 90 phosphorus components were predicted and Table V lists 
some of the P-components. The first 10 components of phosphorus based on wt.% are: 
Ca3(P04)2 , Ca2P207, P4S7(g), P203(1), A1P04, FeP, PO(g), NaP0 3 , P and NaP02(g). The major P-
component predicted at 1400 - 1800°C is Ca 3P0 4 (average wt% = 99.2). 

Similarly, a total of 132 components containing sulfur were predicted and Table VI lists some of 
the S-components. The first 10 components of sulfur based on wt.% are: CaS, MnS, FeS(l), FeS, 
Fe0.S77S, P4S7(g), MgS, S(l), SrS and S. The major S-component predicted at 1400 - 1800°C is 
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CaS (average wt% = 79.3). Other significant components are MnS, FeS(l), FeS, and Fe0.877S with 
average wt% of 5.68, 5.03, 4.89 and 4.06 respectively. Therefore, phosphorus and sulfur 
components of calcium are predominant at high temperatures. 

Characterization 
The slag sample was mixed with acetone and grinded to uniform particle size using pestle and 
mortar. Small amounts of the sample were used to obtain the diffraction pattern using Phillips 
XRD instrument. Figure 1 shows the XRD spectrum of slag sample obtained at diffraction angles 
(20 = 20° - 120°). A comparison of the diffracted peaks of Figure 1 with the standard ICDD 
diffraction data reveals the complex X-ray signal pattern of several slag components. 

Table IV. Weight% of major slag components determined using thermodynamic calculations 

Temperature (°C) 

Components 1400 1500 1600 1700 1800 
Ca3Si05 28.3 28.3 28.1 27.9 27.7 
MgO 10.07 9.75 9.36 8.92 8.47 
Ca3(P04)2 9.16 9.22 9.26 9.26 9.02 
CaS 8.35 8.37 8.41 8.45 8.36 
CaO 4.76 5.20 5.65 6.12 6.67 
Fe 5.10 4.81 4.71 4.66 4.59 
AI2O3 4.71 4.71 4.61 4.41 4.13 
Ca3Si207 4.35 3.66 3.02 2.41 1.86 
CaSi03 3.63 3.83 3.97 4.02 3.98 
Mn2(CO)io 3.71 3.73 3.76 3.78 3.80 
CaMgSi04 2.21 2.08 1.93 1.75 1.55 
MgO(l) 0.98 1.23 1.50 1.78 2.07 
A1203(1) 0.41 0.66 0.97 1.36 1.79 
Fe0.947O 1.09 1.24 1.36 1.47 1.59 
FeAl204 1.52 1.15 0.87 0.65 0.49 
FeO(l) 1.29 1.38 1.43 1.48 1.53 
FeO 1.29 1.38 1.43 1.48 1.53 
CaO(l) 0.36 0.54 0.78 1.10 1.53 
Fe0.945O 1.11 1.12 1.10 1.08 1.07 
MnTi0 2 1.11 1.11 1.12 1.12 1.09 
MnO 0.93 0.87 0.76 0.65 0.55 
MnS 0.71 0.66 0.60 0.55 0.48 
FeS(l) 0.46 0.51 0.54 0.57 0.58 
FeS 0.44 0.49 0.53 0.56 0.57 
MgSi03(l) 0.15 0.24 0.34 0.45 0.57 
MgSiO, 0.25 0.29 0.34 0.45 0.57 
MnO(l) 0.49 0.54 0.55 0.54 0.53 
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Table V. Weight% of major P- components determined using thermodynamic calculations 

P -component 
Temperature (°C) 

P -component 1400 1500 1600 1700 1800 
Ca3(P04)2 99.93 99.82 99.57 99.20 97.35 
Ca2P207 0.049 0.123 0.290 0.636 1.294 
P 4 S 7 ( g ) 0.000 0.000 0.000 0.000 1.147 
P2O3O) 0.000 0.002 0.009 0.041 0.150 
AIPO4 0.004 0.008 0.015 0.026 0.042 
FeP 0.001 0.002 0.006 0.015 0.031 
P O ( g ) 0.000 0.000 0.000 0.002 0.012 
NaPO, 0.003 0.006 0.007 0.008 0.008 
P 0.000 0.000 0.001 0.002 0.007 
NaP02(g) 0.000 0.000 0.001 0.002 0.004 
Fe2P 0.000 0.001 0.001 0.002 0.004 
Mg3(P04)2 0.000 0.000 0.000 0.001 0.002 
P S ( g ) 0.000 0.000 0.000 0.000 0.002 
NaOP(g) 0.000 0.000 0.000 0.001 0.001 

Table VI. Weight% of major S-components determined using thermodynamic calculations 

S- Component 
Temperature (°C) 

S- Component 1400 1500 1600 1700 1800 
CaS 79.73 79.34 79.33 79.37 78.77 
MnS 6.808 6.216 5.673 5.145 4.546 
FeS(l) 4.376 4.824 5.137 5.355 5.465 
FeS 4.198 4.659 4.991 5.232 5.366 
Feo.877S 4.392 4.260 4.071 3.879 3.679 
P 4 S 7 ( g ) 0.000 0.000 0.000 0.000 1.001 
M g S 0.240 0.322 0.416 0.513 0.603 
S(l) 0.077 0.129 0.199 0.294 0.416 
SrS 0.072 0.071 0.070 0.069 0.067 
S 0.010 0.016 0.024 0.035 0.049 
Na2S 0.029 0.042 0.018 0.006 0.002 
Na2S(l) 0.021 0.031 0.013 0.005 0.002 
s 2 ( g ) 0.000 0.001 0.003 0.009 0.022 
SO(g) 0.000 0.000 0.002 0.005 0.015 
S(g) 0.000 0.000 0.001 0.003 0.009 
NaS 0.005 0.006 0.005 0.003 0.002 
S02(g) 0.000 0.000 0.001 0.002 0.007 
P S ( g ) 0.000 0.000 0.000 0.000 0.002 
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Figure 1. X-ray diffraction patterns of steelmaking slag sample 

Figure 2. SEM image of different microparticles (1 - 4) in the slag sample 
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Figure 3. EDS spectra of different slag microparticles (1 - 4) shown in the SEM image (Figure 
2). The huge signal at ~ 0 keV is due to the carbon tape 

Peaks were assigned manually and presence of different slag components (A1203, Ca3Si207 , CaS, 
Mn2(CO)io, MgSi0 3 , FeS, Ca3Si05 , CaMgSiO*,, Ca3(P04)2 , Fe, MnS, FeO and Al 2Fe0 4) were 
confirmed. Morphology and elemental analysis of the slag sample powder (on carbon tape) was 
determined using SEM and EDS methods. Figure 2 shows the SEM image of the slag sample 
powder showing different microstructures with variable size and shapes. The slag sample was 
then subjected to elemental analysis using the EDS detector attached to the SEM. The EDS of 
the selected microparticles (1- 4) of different shapes from the SEM image (Figure 2) is shown in 
the Figure 3. The presence of important elements like O, Mg, Al, Si, S, Ca and Fe in the slag 
sample was confirmed using the elemental composition data of EDS. The relative percent 
compositions of the elements varied for each of the different particles. Round white particles 
have high Fe content, rhombohedral/diamond particles have more Ca content, sponge particles 
have high Mg content and fibrous particle have more Al content. The elemental analysis matches 
well with the thermodynamic predictions for the majority of slag components. However, no 
presence of elemental phosphorus was identified in the slag sample using the EDS method. 
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Conclusions 

Thermodynamic calculations were conducted on steelmaking slag sample to predict the major 
components of phosphorus and sulfur at high temperatures (1400-1800°C). The major 
components of slag within the temperature range include CaiSiOs (28.1%), MgO (9.31%) 
Ca3(P04)2 (9.18%), CaS (8.39%) and CaO (5.68%). The major components of phosphorus and 
sulfur determined at the high temperatures are Ca3P04 (99.2 %) and CaS (79.3 %) respectively. 
Characterization studies of the slag sample was carried out using XRD, SEM and EDS 
techniques. The sample powder contain microparticles with different sizes and shapes. Elemental 
analysis confirm the presence of major elements (O, Mg, Al, Si, S, Ca and Fe) in the slag sample. 
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Abstract 

To address a radiological contamination event, a materials and process project was initiated. 
During the course of this project, processes and materials were developed that successfully cap-
tured zinc vapors physically and chemically, respectively. However, the physical traps were 
placed in an undesirable area and it was determined that the chemically captured zinc reactions 
was reversible. Consequently, advanced nanomaterials are being developed to capture zinc va-
pors. The current state of the art of the science and engineering of these materials and their effi-
cacy for zinc capture and retention is discussed in this paper. 

Introduction 

A radiological contamination [1] event several years ago, resulted in the planning and execution 
of a development program to capture and retain zinc vapors [2], The initial approach resulted in 
physical [3] then chemical trapping methods for zinc capture [4], During a simulated process 
evolution, it was observed that copper-tin alloy (bronze) zinc getters were prone to reversible 
reactions [5], Dezincification is a known issue for brasses especially at high temperatures under 
vacuum conditions, but the temperature range of interest for this application is lower than what 
has typically been described [6, 7], 

Due to the reversible zinc getter behavior for bronze, an investigation into using materials of 
higher temperature, and presumed higher thermal stability was conducted. Bulk cobalt, which is 
expected to react with zinc but not with hydrogen [8], was initially used but the zinc vapors 
physically deposited onto the substrate and no alloying occurred. Consequently, the concept of 
using nanomaterials of suitable composition, reactivity and process stability evolved. Nano-
materials exhibit unique properties due to their large surface area and quantum size effects [9, 
10], It was expected that they would be able to react at relatively low homologous temperatures, 
would coarsen due to the reactions, and would be more stable than the bronze materials that were 
initially tested. This paper presents preliminary results for gold, cobalt, and gold-cobalt alloys 
nanomaterials that were grown on stainless steel wool trap material. 

Experimental 

A total of seven different nanomaterials were grown on Type 316L stainless steel wool (SS-W), 
the material currently used for the process lid. The as-received stainless steel wool (control) was 
characterized using a Keyence VR 3000 profilometer and scanning electron microscopy (SEM). 

All of the nanomaterials were grown onto substrates of SS-W that were nominally 50 mm diame-
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ter x 10 mm diameter pads. The nanomaterials were grown from aqueous solutions using condi-
tions that would produce the desired deposit size and shape. Gold and cobalt nanoparticles were 
prepared by a citrate reduction approach [9-11] in the presence of SS-W. With this synthesis, 
1.25X10"4M AU3+ was heated to boiling and 1 wt % sodium citrate solution was added. The boil-
ing was continued until the solution turned ruby red, indicating the formation of gold nanoparti-
cles. Gold cobalt alloys nanoparticles were prepared by a similar procedure by reducing a mix-
ture of 1.25X10"4M AU3+ and 1.25xlO"4M Co2+. Core-shell Au-Co nanostructures were prepared 
in two steps (a) synthesis of Au (0) nanosphere core seeds and (b) Co shell by the procedure de-
scribed above. The resulting nanoparticles were purified by three-five steps washing in deionized 
water. 

The nanoparticle (NP) deposits were characterized using scanning electron microscopy (SEM), 
energy dispersive X-ray analysis (EDX) and EDX elemental mapping to elucidate their mor-
phology, topography and composition. The NP optical properties were evaluated by UV-Vis 
spectroscopy. The adhesion of the N P deposit to the SS-W was tested using an ultrasonic clean-
er and an aqueous solution using fixed time increments. The liquid was analyzed using induc-
tively coupled plasma atomic emission spectroscopy (ICP-AES) to determine the amount of the 
deposit that was removed. ICP-AES experiments were also performed to quantify the amount of 
metals present on the support (Zn, Co, Au). This technique allowed quantification of chemical 
composition of our colloids and accurate Zn capturing/loading information. 

Samples were exposed to zinc vapor from a high vacuum thermal deposition apparatus. The sys-
tem is comprised of an all metal seals and Conflat™ flanges. The samples were supported on 
perforated metal with a stack of up to four samples being exposed during one exposure. A 
bronze pellet was included in the exposure as an experimental control and to verify that the dep-
osition apparatus operated correctly. The zinc vaporization and filter temperature conditions, 
350°C for both and an initial vacuum pressure of approximately 5 x 10"6 Torr, used were con-
sistent with previous work [5], 

Results 

The SS-W was examined optically using the 
Keyence VR3000 with the results shown in 
Figure 1. Note the roughened surface condi-
tion of the wire filament. The nominal diam-
eter of the wires is 50 (im. The surface 
roughness was also measured and it indicates 
a roughness of 5.44 Ra. 

The nanoparticle's optical properties were 
evaluated by UV-Vis spectroscopy. In deion-
ized water, the gold nanoparticles display the 
characteristic peak at around 525 nm that cor-
responds to the plasmon band (collective os-
cillation of electrons) for spherical gold na-
noparticles while the cobalt nanospheres have 

Figure 1. Appearance of a SS-W wire filament 
showing the surface condition and the shape. 
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a plasmon band around 384 nm [9-11]. The UV-Vis spectra of the bimetallic Au-Co nanostruc-
tures differ from the monometallic colloids. A continuous red shift of the Au nanospheres plas-
mon band, originally at approximatively 525 nm, confirms the formation of bimetallic Au-Co 
colloids with a plasmon band around 533 nm [10-12], The nanoparticle composition and chem-
istry can be monitored using the solution color (inset photo) Figure 2. 

Figure 2. (a) Appearance of the solution and (b) the UV-Vis spectra for Au and Au-Co (c) the 
UV-Vis spectra for Co and Au-Co. 

Nanoparticles of Au were grown onto SS-W using the described procedures. The Au NPS as-
deposited condition of the wire is shown in Figure 3. Two different morphologies are formed on 
the SS-W surfaces, nanospheres and spherical nanoclusters. The nanospherical particles are nom-
inally 26 nm in diameter (30%) while the spherical nanoclusters, formed by agglomeration of the 
26 nm nanospheres, are approximatively 78 
nm (70%) in diameter with a relative spacing 
of 100 nm. SEM images show that the nano-
particles are distributed over the entire wire 
surfaces. Despite the surface condition 
shown for the wires, the particles appear to be 
randomly deposited on the wire surface. This 
result is not surprising since the SS-W surface 
is non-uniform. The SS-W has a surface F i g u r e 3. Gold nanoparticles deposited onto 
roughness of 5.44 RA. Figure 3 shows a mul- the 50 micron SS-W wires. Note the small 
titude of valleys, steps and crevices that may s i z e a n c j r a n dom distribution, 
be critical for random nanoparticle deposition. 

Three Au-Co alloys and alloy-types with various quantities and morphologies of Au and Co were 
also deposited on SS-W. One of the Au-Co alloy samples is shown in Figure 4. In general, these 
nanomaterials also exhibit random particle deposition with a size range of 30 to 220 nm in diam-
eter, for single and agglomerated particles, respectively. Selected sample particle size ranges 
are listed in Table I. 
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Single samples of Au, Co, and Au-Co alloy 
funetionalized SS-W were exposed to zinc 
vapor using previously established conditions 
[5], The typical thermal and pressure pro-
files observed are indicated in Figure 5. The 
filter reaches the target temperature before 
the zinc is heated so that the zinc vapor can 
be captured at the desired temperature. Pre-
vious work indicated that low temperatures 
result in physically trapped zinc with inade-
quate adhesion [5], 

Visual examination of the bare and nano-
material treated SS-W exposed to zinc did 
not reveal any change in color as is typically 
observed for the bronze pellets which are ini-
tially orange (bronze) colored and change to 
a golden tint (brass) after zinc alloying, as 
shown in Figure 6 for SS-W and bronze pel-
lets, respectively. There may be a slight 
change in the sheen of the SS-W indicated by 
the photos, but this difference may simply be 
due to changes in lighting between the pho-
tos. 

EDX microanalysis of Au, Co, and Au-Co 
nanomaterials before and after 
Zn exposure was performed to 
evaluate nanomaterial composi-
tion of mono and bimetallic 
colloids with representative da-
ta presented in Figure 7. 

All of the zinc exposed samples 
were examined using SEM and 
EDX to characterize how effec-
tive the nano-materials were as 
zinc getters. SEM analysis was 
needed since mass changes 
were unmeasurable due to wire 
breakage, wire loss, and mois-
ture evaporation during weigh-
ing. The control SS-W sample 
was examined after zinc expo-
sure and no zinc was detected. 
The results are shown in Figure 

Fig.4. This is an image of the as deposited 
Au-Co (#1) on the stainless steel wire. The 
particles are generally randomly oriented a 
spherical shape. There are some agglomerated 
particles as well. 

Table I. Particle size distribution of the gold-
cobalt alloys and alloy-type nanostructures. 

Au-Co 
Alloy 
(nm) 

Au-Co 
CS 

(nm) 

Au-Co-Co ACS 
(nm) 

30 30 42 
128 80 71 

101 
220 

Figure 5. Typical zinc thermal and pressure response. 
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8. Semi-quantitative analysis was 
conducted on the sample as well as X-
ray dot mapping. The EDX mapping 
analysis demonstrates the accurate lo-
cation of the elements of interest: Au, 
Co and Zn. The chemical analyses for 
the zinc exposed samples are listed in 
Table II. 

Figure 6. Appearance of SS-W before (a) and after 
(b) zinc exposure and typical bronze pellets before (c) 
and (d) after zinc exposure. 

Figures 7a, 9, and 10a show the sur-
face appearance of Au, Co, and Au-Co 
alloy samples, respectively, after zinc 
exposure. The samples all exhibit 
coarsening of the nanodeposit getters. 
The relative size changes are shown in 
Figure 12. All of the samples that 
were treated with nanomaterials were 
effective at gettering the zinc vapor at 
a nominal temperature of 350°C. The 
Zn content ranged from ~2.5 to ~7 wt 
%. This range has little overall signif-
icance, since the areas examined in-
clude a substantial amount of non-
treated SS-W as well as the beam in-
teraction volume as indicated by the 
X-ray dot maps. These results clearly 
show that all the nanomaterials cap-
ture zinc while the control SS-W re-
mains inert; a result that is consistent 
with the practical experience [1], 

Figure 7 (a) Appearance of nano-cobalt (Co CT #4) 
deposited on SS-W after zinc exposure; (b) showing 
zinc was present on the sample, composition indicat-
ed in Table II. 

More rigorous metal quantification 
was conducted using ICP-AES. All 
nanoparticles deposited onto solid 
supports were sonicated at regular 
time intervals (10 min, 30 min and 60 
min) in deionized water. The resulting 
aqueous colloids were dissolved in 
aqua regia and subjected to ICP-AES 
in order to quantify the amount of 
metals present. Representative data 
are presented in Figure 12. 
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Figure 8. Appearance of baseline SS-W after 
zinc exposure. Zinc was not detected on the 
surfaces as indicated in Table 2. 

Figure 9. Appearance of nano-gold deposited 
on SS-W after zinc exposure. Zinc was pre- Figure 10. (a) Appearance of nano-gold-
sent on the sample as indicated in Table 2. cobalt alloy deposited on SS-W after zinc 

exposure; and (b) X-ray dot map of the de-
posit, composition indicated in Table IF 

Figure 11. Zinc exposure increased the size of the particles observed 
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Table II. Composition of deposits based on semi-quantitative X-ray Energy Pis version Analysis. 
ID #0 #1 #2 #3 #3 #4 #5 #5 

Element w t % W t % W t % W t % W t % W t % W t % W t % 
C K 10.98 11.16 24.62 5.53 56.03 4.55 14.75 53.57 
O K NM 2.85 4.01 0.89 5.01 NM 2.29 7.73 
A1K NM 0.36 NM 0.18 0.17 0.3 45.31 NM 
Cr K 16.25 11.84 12.11 15.81 5.13 17.07 4.58 6.34 
MnK NM 3.71 NM 1.05 NM 0.95 0.68 NM 
Fe K 66.01 49.97 40.44 58.4 18.33 62.76 16.69 21.5 
CoK NM NM NM 0.04 0.07 0.33 0.08 0.01 
N i K 6.76 7.6 5.52 9.53 2.85 9.11 2.56 2.96 
Zn L NM 5.74 7.22 5.79 5.71 2.49 3.51 3.51 
A u M NM 6.77 6.08 2.78 6.71 NM 5.96 4.39 
M o L NM NM NM NM NM 2.17 NM NM 
SiK NM NM NM NM NM 0.27 NM NM 
CuL NM NM NM NM NM NM 3.58 NM 
Totals 100 100 100 100 100 100 100 100 

#0 Control SSW; #1 Au-Co alloy; #2 Au; #3 Au-Co Coreshell; #4 Co CT; #5 Au-Co Co coreshell 

Figure 12. ICP-AES data on Au-Co colloids (a) before Zn exposure and (b) after Zn exposure. 

Summary and Conclusions 

Nanoparticles can be grown on stainless steel wool. The rough surface morphology and topog-
raphy of the 50 nm SS-W lends itself to random particle growth with a narrow size distribution 
and some agglomeration. 

Zinc is preferentially deposited onto SS-W that has been treated with nanoparticles. The zinc 
vapor does not deposit and grow on the control SS-W. Preliminary results indicate that Au na-
noparticles are superior to Co and Au-Co alloys. 

The composition of the nanoparticles after zinc exposure consists of 2.5-7% zinc, but the sample 
volume contains a significant amount of the SS-W substrate based on the high iron and chromi-
um contents. 
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Abstract 

Compared with other pretreatments of sulfur & arsenic-bearing gold, double-layered pellet 
roasting has an advantage that sulfur dioxide and arsenic trioxide volatilizing from this refractory 
gold ores can be solidified into the coating without emission during the roasting. However, the 
separation of coating from roasted double-layered pellet should be focused on in the novel 
pretreatment. Based on the difference of physicochemical characteristics between roasted 
solidified coating and pellet core, several separation methods including grinding, drop impact 
and water quenching method had been systematically studied in this paper. The results showed 
that magnetic and gravity concentration could not obtain a satisfactory separation effect. The 
optimum separation rate of grinding was only 38.94% at grind time 12min, but it increased to 
85.05% by drop impact under drop height 0.75m, drop times 20 and impact angle 45°, and that 
of water quenching taking advantage of slaking reaction of lime could approach 75.32%. 

Introduction 

Sulfur & arsenic-bearing gold ore is a typical refractory gold ore as regard to cyanide leaching. 
Those ores need pretreatment to remove sulfur and arsenic from pyrite, pyrrhotine, and 
arsenopyrit where gold occurs in the form of in elusion [1,2], In contrast with other methods of 
pretreatment, double-layered pellet roasting has significant advantage in dealing with the type of 
refractory gold concentrate[3], This method was developed from conventional roasting and bears 
high-efficiency and environment-friendly characteristics. However, so far there have been few 
researches referring to separation of roasted coating and core. Hence, the separation becomes the 
key procedure during the novel pretreatment. 

In this study, several separation methods were detailedly studied, which were based on the 
difference of physicochemical characteristics between roasted solidified coating and core of 
pellet. Experiment on separation of roasted double-layered pellet would provide economic and 
effective way for industrial production. 

Experiment 
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Materials 

Sulfur and arsenic-bearing gold ore in which gold was enriched into concentrates after 
beneficiati on comes from Gansu province in China. Main element composition and X-ray 
diffraction diagram are given in Table I and Figure 1. 

Table I. Main element composition of sulfur & arsenic-bearing gold concentrate 

Composition Au* S As TFe FeO Si02 AI2O3 CaO MgO Sb 

Content/% 53.88 18.63 7.81 22.72 3.72 25.81 4.85 2.10 0.94 1.15 

*represents the unit of Au composition is g/t. 

It can be seen from Table I that the gold content in this ore accounts for 53.88 g/t, arsenic content 
7.81% and sulfur content 18.63%. These show refractory characteristics of high arsenic and high 
sulfur. In order to clarify the phase of the main element, the chemical ingredient is analyzed by 
X-ray diffraction (XRD). The results are shown in Figure 1. 

Figure 1. XRD diagram of raw gold concentrate 

The XRD pattern analysis indicates that the main metallic mineral of raw gold ore are pyrite, 
arsenopyrite and pyrrhotine, and the main gangue minerals contained are silicon dioxide and 
mica. 

Solidification agent used in experiment is hydrated lime with purity of analytical reagent(AR,> 
95%)[4-5], However, lime cannot be used as solidification layer because of cracks in green ball 
resulting from lime slaking reaction. The usage of solidification agent is twice as much as pellet 
core of gold concentrate. After double-layered pellet roasting at 600 °C for 3h, the removal rate 
of arsenic and sulfur could reach 89.49% and 86.47% respectively. 
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Figure 2 and Figure 3 indicate chemical phase of roasted coating and core. The main chemical 
phase remaining in calcine existed only in the form of Fe 20 3and Si02. The arsenic and sulfur of 
coat layer mainly existed in the performance of CaSC>3, CaSC>4 and Ca3 (AsC>4)2. Subsequently, 
when suitable separation method would be taken, the calcine could be easily applied to the 
process of cyanide treatment. 

Figure 2. XRD diagram of calcine under double-layered pellet roasting 

Figure 3. XRD diagram of coat layer under double-layered pellet roasting 

Methods 

Firstly, Sulfur & arsenic-bearing refractory gold concentrate was prepared to diameter of 8—10 
mm balls by the pan pelletizer with 1.5% bentonite in 12 minutes. Then green balls were 
wrapped by hydrated lime in 12 minutes. After that the double-layered pellets were roasted in a 
horizontal furnace. 
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In this paper, several methods such as grinding, water quenching and drop impact for the 
separation of roasted double-layered pellet's coating and core were proposed. Shaking table(98 
r/min , ©160 x60mm) was used for gravity concentration, davis tube supported the method of 
magnetic separation, and ball grinder was taken for grinding separation. In the method of drop 
impact, the roasted double-layered pellet was dropped from a certain height freely to the steel 
plate. The accumulated impact energy produced by freefall could be able to break the structure of 
the coating layer. Residual mass of roasted double-layered pellet after each freefall was recorded 
so that impact energy and the separation rate could be calculated. The impact energy was 
calculated as follow. 

E = C£m)-gh (1) 

E—accumulated impact energy 
mi—mass of residual pellet before i times to freefall 
h—height of freefall 

The main index for evaluating the separation efficiency of those most methods is separation rate 
as is shown below. Especially, termination of related experiments becomes whether the roasted 
core of pellet is broken. 

fi) = ( l- m ~ n h ) x l 0 0 % 
mo ~ mi (2) 

to—separation rate 
m'—mass of residual pellet after separation 
mi—mass of double-layered pellet's core after roasting 
m0—mass of double-layered pellet after roasting 

Results and Discussion 

Effect of magnetic and gravity concentration 

Magnetic and gravity concentration of roasted double-layered pellet are based on the 
difference of magnetism and density between coating and core. In the experiment of 
magnetic/gravity separation, roasted double-layered pellets were grinded to -200 mesh. 

Table II. Results of magnetic separation(magnetic field intensity: lOOOGs) 
Experimental subject Proportion of magnetic substance /% 

Roasted pellet core 
Roasted double-layered pellet 

13.95 
7.45 

From Table II, the effect of magnetic separation had poor performance. For roasted 
double-layered pellet, proportion of magnetic substance only reached 7.45%. The same situation 
also applied to study of gravity separation. Gold recovery in concentrate was 31%. 
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During 3h at roasting temperature of 600 °C, pyrite, arsenopyrite and pyrrhotine are likely to be 
completely oxidized to weak magnetic substance such as a-Fe2C>3. So magnetic separation 
doesn't meet demand of the novel pretreatment. 

Adopting gravity separation method cannot achieve the desired effect, mainly because fine 
particles have huge specific surface energy. In addition, CaSC>4 as the by-product of solidification 
reaction and Ca(OH)2 colloid in aqueous solution can be able to absorb other particles. 

Effect of grinding separation 

The grinding separation takes mostly advantage of tangential friction force which is produced 
between roasted pellets to separate the coating from double-layered pellet. There still exits radial 
force as a result of mutual collide and drop impact, but these are not the most important factor 
neither. 

Effect of ball grinding on separation with no milling medium is indicated in Figure 4. According 
to the Figure, when grinding time increased(2~14 min), the separation rate were getting higher. 
Separation rate rose fast at the grinding time of 6~8min. Optimum separation effect was got 
under the time of 12min when to arrived at 38.94%. 

50 , -

45 -

40 -

0 2 4 6 8 10 12 14 

Grinding time, min 

Figure 4. Effect of grinding separation in ball grinder with no milling medium 

In order to raise the separation rate of coating and core, milling medium(steel balls which have 
the same diameter as double-layered pellets) was considered to strengthen the separation effect. 
Different ratios of medium number to double-layered pellet number were investigated. 
Experimental results are given in Figure 5. 

As is shown in the figure above, when the ratio was raised from 0 to 2:1, the trend of separation 
effect towards worse, to decreased to 30% around as the ratio rose. When the ratio came to 2:1, 
the roasted core was broken at grinding time of lOmin. 

213 



Figure 5. Effect of grinding separation in ball grinder with milling medium 

Effect of drop impact 

On the contrary, principle of drop impact mainly makes use of radial force other than tangential 
friction force. In small experiment, this method was simple and easy to carry out. 

As can be seen from the Figure 6, with the same drop height, separation rate came up in pace 
with the increasement of drop times. Phenomenon that Roasted core cracked after the freefall 
occurred when the drop height was higher than 0.75m. 

Figure 6. Effect of drop impact on separation under different drop height 
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The optimum separation rate 74.32% was obtained on the condition of drop height 0.75m,drop 
times 20. The impact energy E was about 0.55J.which represents the critical point for crack in 
drop impact. 

In order to take advantage of tangential force, angle of steel plate was set freely to strengthen the 
separation effect. Effect of drop impact on separation under different impact angle is illustrated 
by Figure 7. 

Figure 7. Effect of drop impact on separation under different impact angle 

From experimental results of Figure 7, optimum separation rate increased to 85.05% by effect of 
drop impact under the drop height of 0.75m, drop times of 20, and impact angle 45°. When the 
impact angle reached 45°, the drop impact force was resolved into equal radial force and 
tangential force resulting in the best performance of drop impact on separation. 

Effect of water quenching 

Moreover, part of the hydrated lime in the outer coating which does not participate in the 
solidification reaction have digestion reaction in water. It informs that advantage of slaking 
reaction of lime could be conducive to the separation process of coating layer. Besides those 
characteristics, it deserves to be mentioned that effect of water quenching due to not thermo 
stress but chemical stress. So the water quenching method ask no limit for the temperature. 
Through related experiment of water quenching, separation of water quenching could approach 
75.32% averagely. 

Conclusion 

Effect of magnetic and gravity separation had poor performance for weak magnetic product, 
huge specific surface energy, colloid character. The optimum separation rate of ball grinding 
appeared 38.94% at the grind time 12min with no milling medium. It increased to 85.05% by 
effect of drop impact under the drop height 0.75m, drop times 20 and impact angle 45°. However, 
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the separation rate of water quenching taking advantage of slaking reaction of lime could 
approach 75.32% averagely. 
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Abstract 

A thermodynamic model for determining the surface tension of molten slag by considering the 
surface tension and molar volume of the pure oxide component, and their ionic radii was 
extended to the slag bearing high Ti02 (varying from 80 to 67%) at 1973 K. The iso-surface 
tension curves for the Fe0-Ti02-Ti203 ternary system at 1973 K are almost parallel to the FeO-
Ti203 line. Ti02 plays a role of surface-active solute, and its surface-active effect is attenuating 
with increasing the Ti02 content. The iso-surface tension curve shifts away from the Ti02 corner, 
indicating that the surface tension of the ternary slag decreases along with the addition of Si02. 
The reasons include the addition of Si02 with lower surface tension and the decrease of the total 
ion moment at the surface. Both CaO and MgO can bring about that the iso-surface tension curve 
shifts towards the Ti02 corner, indicating that the surface tension of the ternary slag increases 
along with the addition of CaO or MgO. CaO has a more pronounced effect on increasing the 
surface tension of the ternary slag than MgO at an equimolar amount addition. The increase of 
the surface tension results from both the compositional change and the variation of the slag 
structure. 

Introduction 

The surface tension of molten slag is a key parameter in industrial processes at high temperatures 
for controlling the various surface and interfacial phenomena [1-3] not only in ironmaking and 
steelmaking processes but also in electrosmelting processes. Phase separation [4-6], metal 
entrainment in slag and corrosion of refractory bricks by slag [1, 7-8] are apparent examples of 
phenomena influenced by surface tension effects. Particularly, during the process of electric arc 
smelting furnaces with Ilmenite, the mass percent of FeO content ranged from 3.3 to 15% while 
the corresponding Ti02 content varied from 80 to 67%. Although a large number of experimental 
surface tension data has been reported for silicate melts [9-12], it is not possible to find 
appropriate data on the surface tension of molten slag bearing high Ti02 because of the ultrahigh 
temperature encountered in performing experiments, resulting in a difficulty for a better 
understanding of the process of metal extraction from Ilmenite ores. Therefore, to fully 
understand the physical and chemical aspects of the slag bearing Ti02, the contribution arising 
from surface properties cannot be overlooked. Besides, knowledge of the dependence of surface 
tension on liquid composition might provide useful insight into liquid structure. 

Some models [13] have been developed for evaluating the surface tension of molten slag 
containing various components. Boni and Derge applied the additivity rule [14] to predict the 
surface tension of multi-component slag. Tanaka et al. [15, 16] applied thermodynamic databases 
to evaluate the surface tensions of liquid alloys, ionic melts and oxide melts by using a model 
based on Butler's equation [17]. Based on the coexistence theory of slag melt structure and 
Butler's equation, a calculation model was proposed for determining the surface tension of slag 
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melt by Cheng et al [18] Although the calculated results were in good agreement with the 
experimental data, the applicability of this model to evaluate the surface tension of oxide melts 
was limited due to a lack of thermodynamic data for these particular multi-component systems. 
Recently, Tanaka et al. [19] have developed a new model for evaluating the surface tension of 
molten silicates, which takes into consideration the ionic radii of the components. This particular 
model can be readily applied to many kinds of molten ionic mixtures and molten slag, because 
the surface tension of silicate melts can be calculated using the information on the surface 
tensions and molar volumes of pure oxides, as well as the cationic and anionic radii of the 
component oxides in the system. This model has already been applied to the calculations of 
surface tension for several ternary silicate melts [20] comprising Si02, A1203, CaO, FeO, MgO or 
MnO. Nakamoto et al [21] applied this model was to evaluate the surface tension of silicate 
melts containing the following surface-active components, B203 , CaF2 or Na20. A further 
extension of the above modified model was attempted for determining the surface tensions of the 
more complex 6-component slag systems by Hanao et al [22], 

In this study, another further extension of the above modified model was applied for determining 
the surface tensions of the molten slag bearing high Ti02. The effects of MgO, Si02 and CaO on 
the surface tension of Fe0-Ti02-Ti203 slag system were analyzed based on the present model. 

Evaluation model for the surface tension 

A prediction model derived by Tanaka et al [19] for the evaluation of the surface tension of ionic 
mixtures was applied to the molten slag bearing high Ti02 based on the Butler's equation. Here 
is an example for the surface tensions calculation of the Fe0-Ti02-Ti203-Si02 4-component 
molten slag shown in Equations (l)-(4): 

RT , M Surf 

A 
' Si'J 

RT 

AFeO 
RT 

RT 

Ano. 

ln-
M; 

M' 

Si02 

Surf 

Mf e 

MS. 
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MSurf 

Mz 

Where 

M. = •N / 
R„ 
R... 

-Np A 
R 

-Np •Np A 
R 

•Ni 

(1) 

(2) 

(3) 

(4) 

(5) 

Subscript i refers to the following components: Si02, CaO, CaF2, A1203, MgO, Ti02. Subscripts 
A and X refer to the cations and anions of component i, respectively. Superscripts "Surf " and 
"Bulk" indicate the surface and bulk, respectively. R is the gas constant, T is the absolute 
temperature, ! is the surface tension of the pure molten component i, which is treated as a 

model parameter. At = TVj'3 • V.¡2/3 corresponds to the molar surface area in a monolayer of pure 
molten component i (N0\ Avogadro's number, Vj. molar volume of the pure molten component i ). 
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Nf is the mole fraction of the component i in phase P (P=Surf or Bulk). RA is the radii of the 
cation, and Rx is the radii of the anion. 

For example: 
r a = V > R c r A - » V ^ x = R S l o r , R r (6) 

where SiO^ is considered to be the minimum anionic unit in Si02 , and the value of i?sj4+ / Rsio,-

was experimentally determined to be 0.5 [20-23], The above Equations (l)-(5) have been derived 
on the basis of Butler's equation by considering the following assumptions [1] and [2] [20-23]: 
[1] It has been known that molten ionic mixtures readily undergo surface relaxation due to 
spontaneous changes in the ionic distance at the surface, which causes the energetic state of the 
surface to approach that of the bulk state. Thus, the contribution from excess Gibbs energy terms 
is neglected in Butler's equation. 
[2] In ionic substances, it is well known that their ionic structures depend upon the ratio of the 
cation to anion radii. In order to evaluate the ionic structures and physical chemical properties of 
ionic materials, the cation to anion radii ratio should be considered. 

Table I. Radii of the cationic and anionic ions 

Ion Radii (A) 
s F (L42 
Ca2+ 0.99 
Mg2+ 0.66 
Ti3+ 0.67 
Fe2+ 0.74 
Ti4+ 0.61 
O2' 1.33 

Table II. Temperature dependence for molar volume of the pure component 

Oxide Temperature(K) dependence of molar volume (mVmol) 
Si02 27.516{1+10~4(T-1773)}-10~6 

CaO 20.7{1+10~4(T-1773)}-10~6 

FeO 15.8{1+10~4(T-1773)}-10~6 

MgO 16.1{1+10"4(T-1773)}-10"6 

Ti203 {77.237+0.0011T}-10~6 

TiQ2 22.2{1-4.689*10'4(T-1023)}-10'6 

Table III. Temperature dependence of the surface tension of pure component 

Oxide Temperature(K) dependence of surface tension (mN/m) 
Si02 243.2+0.031T 
CaO 791-0.0935T 
FeO 504+0.0984T 
MgO 1770-0.636T 
Ti203 742.5-0.0744T 
TiQ2 1384.3-0.6254T 

Data on the ionic radii and the molar volumes of the pure oxides except Ti203 used in previous 
study [20-23] were adopted in the present model. These values are listed in Tables I and II, 
respectively. The temperature dependences of the surface tension for pure Si02 , CaO, Ti02 and 
MgO were evaluated in previous work [20-23] and used in the current study. The equations for 
determining the temperature dependences of surface tension are listed in Table III. As for the 
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Ti203 , the ionic radii recommended by the handbook [24] was adopted, and the molar volume 
and temperature dependence of surface tension reported by Ikeniya [25] were used. 

Results and discussion 

Iso-surface tension curves of FeO-TiCh-lHOi ternary slag system 

The iso-surface tension curves for the Fe0-Ti0 2 -Ti 2 0 3 ternary system at 1973 K, such as 200, 
250, 300, 350 and 400 mN/m, are plotted in Figure 1. Where, the dash dot represents the 
liquidus line obtained by the thermodynamics calculation software—FactSage 6.2. Easy to find 
that the surface tension for the slag decreases remarkably along with the increase of the Ti0 2 

content, proving that Ti0 2 is a surface-active solute, which are consistent with previous 
experimental study [23], With increasing the Ti02 content, much more Ti02 is needed for every 
50 mN/m drop in the surface tension, indicating that the surface-active effect of Ti02 is 
attenuating. The iso-surface tension curves of the ternary slag are almost parallel to the FeO-
Ti203 line. 

Figure 1. Iso-surface tension curves of Fe0-Ti02-Ti203 ternary system at 1973 K (Unit: mN/m) 

Effect of CaO, MgO and SiO? on the surface tension of the ternary slag 

Effect of Si0 2 on the iso-surface tension curve ( 300 mN/m) of the ternary slag is shown in 
Figure 2. The iso-surface tension curve shifts away from the Ti0 2 corner, in other words, 
towards to the Fe0-Ti 2 0 3 line, indicating that the surface tension of the ternary slag decreases 
along with the addition of Si02 . It is well known to us that the two principal parameters which 
influence the surface tension of liquid metals or alloys are the melt composition and temperature. 
As for the molten slag, the melt's structure may play an equally important role in the 
determination of the surface tension of the slag. Next the influence of melt composition and the 
melt's structure on the surface tension of the slag along with the compositional variation will be 
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discussed. For one hand, the addition of SiC>2 with lower surface tension as listed in Table III 
leads to the decrease of the surface tension of the slag. 

Figure 2. Effect of Si02 on the surface tension of slag (Unit: mN/m) 

For another, it is generally recognized that there are three kinds of ions existing in the slag melts: 
cations (Ti4+, Fe2+ and Ti3+ in this study), simple anions (O2") and complicated units (Q1, Q2, Q3, 
Q4 for Si). As a classic acid oxide, S i0 2 can promote the polymerization of the slag structure. In 
other words, the complicated units, such as Qn(Si) (Here n=l , 2, 3, 4), will exist in the slag. 
Furthermore, the complicated units, Qn, have a much smaller moment than that of the simple 
onion, O2", resulting in that Qn will be excluded outside to the surface layer. As a consequence, 
the number of the complicated units in the surface phase will increase, while the number of free 
oxygen will reduce. As a result, the surface tension of the melt will drops down because of the 
decrease of the total ion moment at the surface. To sum up, the decrease of the surface tension of 
the melt results from both the compositional changes and the structural change along with the 
composition variation. 

Effect of CaO on the iso-surface tension curve ( 300 mN/m) of the ternary slag is shown in 
Figure 3. The iso-surface tension curve shifts towards the Ti0 2 corner, in other words, away 
from the Fe0-Ti 2 0 3 line, indicating that the surface tension of the ternary slag increases along 
with the addition of CaO. As for the reasons, one is that the addition of the CaO with higher 
surface tension as shown in Table III will lead to the increase of the surface tension of the slag, 
which is so-called the influence of melt's composition. As for the effect of melt's structural 
variation along with the compositional change, the hypothesis [26-27] proposed that molten high 
Ti0 2 slags are constructed mainly from simple anions of the type [Ti06] based on the fact that 
[Ti06] octahedron is the basic structural unit in solid anosovite will be introduced. The addition 
of CaO can decrease the number of the [Ti06] octahedron, resulting in the increase of the ionic 
total moment. As a consequence, the increase of the surface tension results from both the 
compositional change and the variation of the slag structure. 
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Figure 3. Influence of CaO on the surface tension of slag (Unit: mN/m) 

Figure 4. Variation of the surface tension of the slag along with MgO (Unit: mN/m) 

As for MgO, its effect on the iso-surface tension curve ( 300 mN/m) of the ternary slag is shown 
in Figure 4. Similar to the role of CaO, with the increase of MgO, the surface tension of the 
ternary slag increases. However, it should be pointed out that CaO has a more pronounced effect 
on increasing the surface tension of the ternary slag than MgO at an equimolar amount addition. 
As for the reasons, the increase of the surface tension results from both the compositional change 
and the variation of the slag structure. 
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Conclusions 

A thermodynamic model for determining the surface tension of molten slag by considering the 
surface tension and molar volume of the pure oxide component, and their ionic radii was 
extended to the high TiC>2 slags. The main conclusions are as following: 
(1) The iso-surface tension curves for the Fe0-Ti02-Ti2C>3 ternary system at 1973 K are 
calculated, and the iso-surface tension curves of the ternary slag are almost parallel to the FeO-
Ti203 line. Ti02 plays a role of surface-active solute, and its surface-active effect is attenuating 
with increasing the Ti02 content. 
(2) The iso-surface tension curve shifts away from the Ti02 corner, indicating that the surface 
tension of the ternary slag decreases along with the addition of Si02 . The reasons include the 
addition of Si02 with lower surface tension and the decrease of the total ion moment at the 
surface. 
(3) Both CaO and MgO can bring about that the iso-surface tension curve shifts towards the Ti02 

corner, indicating that the surface tension of the ternary slag increases along with the addition of 
CaO or MgO. CaO has a more pronounced effect on increasing the surface tension of the ternary 
slag than MgO at an equimolar amount addition. The increase of the surface tension results from 
both the compositional change and the variation of the slag structure. 
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Abstract 

Joints gasketed with viscoelastic seals often receive an application of a secondary torque, i.e., re-
torque, in order to ensure joint tightness and proper sealing. The motivation of this study is to 
characterize and analytically model the load and deflection re-torque response of a single 25% 
glass-fiber reinforced polytetrafluorethylene (PTFE) gasket-bolted joint with serrated flange 
detail. The Burger-type viscoelastic modeling constants of the material are obtained through 
isolating the gasket from the bolt by performing a gasket creep test via a MTS electromechanical 
test frame. The re-load creep response is also investigated by re-loading the gasket after a period 
of initial creep to observe the response. The modeling constants obtained from the creep tests are 
used with a Burger-type viscoelastic model to predict the re-torque response of a single bolt-
gasket test fixture in order to validate the ability of the model to simulate the re-torque response 
under various loading conditions and flange detail. 

Introduction 

Bolted gasket joint systems are typically tightened and allowed to relax for a specific initial 
dwell period and then subsequently re-torqued to the desired torque levels. Re-torque is typically 
applied in order to re-tighten the joint, after the gasket has gone through some initial relaxation, 
to ensure optimal gasket sealing. The relationship between torque and the corresponding 
compressive load is given by: 

where F is the compressive load and d is the nominal diameter of the bolt and K is the nut factor. 
The terms torque and load are used interchangeably for this study. 

Joint designers are interested in conditions that (1) minimize the joint relaxation or (2) 
reduce required dwell time prior to re-tightening the joint. Hence prior efforts have been made to 
qualitatively describe gasket behavior combined within bolted joints. For example, Waterland 
and Frew investigated the compressive creep resistance of various PTFE types of gaskets within 
bolted joints with the goal of identifying materials not requiring re-torque. Furthermore, the 
minimum acceptable initial dwell periods of PTFE types were also studied [1], In a technical 
report, Gordon et al. optimized the parameters of gasket thickness, lubrication, flange detail, load 
level and initial and final dwell period on the initial and re-torqued clamping load relaxation 
response of a 25% glass-filled PTFE gasket bolted flange system [2], 
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In addition to qualitatively describing gasket-joint behavior prior studies have 
analytically modeled the initial creep and relaxation of a bolted-gasket joint subject to an initial 
torque [3], Alkalini et al. derived a closed form solution capable of predicting the creep and force 
relaxation of a single bolt, styrene butadiene rubber-gasket system, with un-serrated platens, 
subjected to an initial torque shown in Equation 2. Two key elements from Alkalini's research 
show that (1) bolted joint relaxation is a consequence of loss of elongation of the bolt resulting 
from the gasket creep and (2) the modeling constants for a styrene butadiene rubber gasket 
remain identical for each compressive load level and change only with the gasket thickness [3], 

Re-tightening gasketed bolted joints remains the industry standard for insuring and 
maintaining tightness within these types of connections, therefore more research effort is needed 
to understand the re-torque response. Analytical modeling of the force relaxation of the re-torque 
response was attempted by Gordon et al. by considering the evolving gasket stiffness of 25% 
glass-filled PTFE gasket material at the end of the initial dwell period and substituting the 
corresponding value into Alkalini's equation [4], The current study will extend these modeling 
efforts to model the re-torque response of 0.62 inch thick, 25% glass-filled PTFE gasket. It will 
also be determined if the experimental re-torque modeling constants will remain the identical at 
various load levels with the addition of serrated platens. It is suspected that the modeling 
constants will vary due to the addition of the serrations on the mating surface. 

Experimental Approach 
Creep Test 

To obtain the modeling 
constants and to verify if any load 
or time dependence exists due to 
effects from the serrated mating 
surfaces, a series of constant force 
creep tests were performed. 
Gasket specimens were placed 
between platens (Fig. 1) and 
compressed with a constant force 
by a MTS test frame and allowed 
to creep for twenty minutes. The Figure 1. (a) Bottom platen with serrations loaded with 
dwell time of twenty minutes was PTFE specimens, (b) Serration indentations after loading, 
selected in order to allow the 
material to enter into steady state creep. It was determined from previous studies that creep 
curves for PTFE gaskets enter steady state behavior in as short as eleven minutes [3], Five 
individual creep experiments were performed at load levels of 200 lb., 800 lb., 1600 lb. and 2000 
lb. All experiments measured gasket deflection, applied compressive load and time. 

Relaxometer 

A Single bolt test fixture shown in Fig. 2 has been developed to test small gasket specimens. The 
test fixture, called the relaxometer, consists of a threaded bolt and nut in combination with gasket 
test specimens placed between serrated compression platens as depicted in Figure 2. The 
relaxometer is a departure from the ASTM test standards (F36 and F38) for testing of gasket 
materials [5,6], The load relaxation response of the bolted set up is measured with the use of a 
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load cell. The strain response is acquired with a foil type strain gauge fixed to the bolt shank. 
(Fig.2).The load and strain data are acquired for final dwell period. The specimens consist of two 
small rectangular samples of 25% glass filled PTFE gasket cut from stock material to dimensions 
of 1.427 inches by 0.750 inches. The relaxometer is subjected to an initial torque with the use of 
a digital torque wrench and allowed to relax for a specific initial dwell period of 4 hours. After 
the initial dwell period the bolt is subsequently re-torqued and allowed to relax for a secondary 
dwell period of 4 hours. High and low 
(206 in/lb. and 246 in/lb.) torque levels 
were used for this study. Identical 
torque and re-torque levels were used 
for each test. 

The torque was applied in a 
smooth motion with a digital torque 
wrench. The resulting compressive 
peak load values for an application of 
206 in/lb. and 246 in/lb., i.e. low and 
high torque values were 2100 lb. and 
3000 lb. respectively. The load and 
strain data were acquired with Futek 
software. Load and strain data were 
acquired for the re-torque response. 
The resulting high and low load F i g u r e 2- Experimental fixture (Left). Close-up 
experimental re-torque relaxation view of stain gauge on bolt. (Right) 
curves are shown in the experimental 
results section. 

Modeling Re-torque 

Observe that Alkalini's equation for predicting force relaxation response of a gasket joint 
after an initial tightening: 

(2) 

where F(t) is the compressive clamp load of the gasketed-joint as a function of time, Sb(0) is the 
initial bolt elongation at time equals zero given by: 

( 3 ) 
Kb 

where Fo is the initial load at time equals zero and Kb is the bolt stiffness shown as Eq. 4, note 
that d is the nominal diameter of the bolt, Eb is the modulus of the bolt and Ltotai is the total grip 
length of the bolt. [7] 

7rd2Ek 
( 4 ) 

total 

8.(0) refers to the initial gasket thickness at time equals zero and is presented as: 
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<5,(0) = K l +K 2 1 
K. K-. K-. 

Fn 

K (f) is the gasket stiffness as a function of time given by Equation 6. 

KM)- K, +K, 1 1 — H 1 
K. K-. C, K-. 

(5) 

(6) 

Ki and K2 and Ci and C2 refer to the material constants and are analogous to springs and viscous 
elements. The gasket stiffness is obtained from the deflection equation 8 (f) and is presented by 
the Burger-type viscoelastic models as: 

SM)-
K, +K, 1 1 —i — H 1 

K, K.-, C, 
Fn (V) 

The relationship between initial gasket deflection and force can be written as: 

F{t) = K(t)8{Q) 

Experimental and Modeling Results 

Creep Results 

(8) 

Figure 3. Experimental Creep Test Results. 
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Table 1: Viscoelastic Modeling Constants 
Load Level 200 lb. 800 lb. 800 lb. 1600 lb 2000 lb. 

K1 (lb/in) 5.11E+04 8.26E+04 
K2 (lb/in) 1.37E+06 2.35E+06 
CI (lb-s/in) 9.80E+08 1.96E+09 
C2 (lb-s/in) 4.47E+07 6.98E+07 

4.92E+04 
1.01E+06 
1.93E+09 
9.85E+07 

4.85E+04 
9.59E+05 
1.56E+09 
3.27E+07 

The creep test results are shown in Figure 3. Observe that as the load increases the gasket 
compression and transient creep also increases. The experimentally determined modeling 
constants are shown in Table 1. The modeling constants K i K 2 a n d Ci converge to similar values 
as load increases. A distinct trend for C2 could not be established, however convergence is 
suspected at loads greater than 2000 lb. It is proposed that at sufficiently higher load levels the 
modeling constants become independent of load level. This proposal suggests that one set of 
global modeling constants can be used to predict the gasket deflection response at a various load 
levels above the convergence point, which in this case is 2000 lb. 

The modeling constants obtained from the 2000 lb. creep test are used to predict the 
resulting gasket deflection from constant load creep tests at 1600 lb. and 2000 lb. Observe Fig 4 
which depicts experimental (solid lines) and analytical creep results (dashed lines). 

Figure 4. (a) Full-range experimental (solid lines) and analytical creep results (dashed lines) 
plotted with identical modeling constants at various load levels, (b) Analytical and experimental 
primary creep view 2000 lb. (top) and 1600 lb. (bottom). 

The global modeling constants, at the proposed convergence-point (2000 lb.), when used with 
Eq. 7, show good agreement with both sets of experimental data. (Figure 4) The analytical model 
plotted with the global constants naturally produces the most accurate fit for the 2000 lb. test 
case, and approximates the 1600 lb. case. 
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Relaxometer Results 

The relaxometer experimental and analytical results for both high and low torques are 
shown in Figure 4. 

Figure 5. Experimental and analytical relaxometer results 

Equation 8, which is the gasket stiffness, K (t) as a function of time multiplied by the initial 
gasket deflection, 6 (0) at time t=0, gives the force of the relaxometer as a function of time. 
Equation 8 is plotted with the global modeling constants and approximates both the low and high 
torque experimental relaxometer data well. This indicates that the experimentally determined 
global modeling constants that converge can be used to predict the re-torque response at various 
load cases above the convergence point. 

Discussion 
A key finding from the creep tests conducted is the modeling constants departure from 

load dependence at higher load levels. Contrast this finding with the study conducted by Alkalini 
where load independence was shown at all load levels tested. Alkalini's finding can be attributed 
to the type of gasket material used (styrene butadiene rubber) and the smooth gasket mating 
surface. Likewise for this investigation a 25 % glass-filled PTFE gasket with serrated gasket 
mating surface displays load independence at higher load levels. The relation given in Eq. 8 
combined with load-independent modeling constants may be used to approximant the force 
relaxation of a single bolted gasketed joint subjected to a re-torque at similar or higher 
torque/load levels. 

232 



Conclusions 

It was shown that the creep test modeling constants are load dependent for lower ranges, i.e. 200 
lb. to 1600 lb. and begin to display independence at sufficiently higher load levels. It was found 
that the experimentally determined constants for the 2000 lb. creep test successfully predicted the 
similar the creep response at similar load levels and when combined with Eq. 8 could 
successfully predict the force relaxation of a single bolted-gasketed joint subjected to a re-torque. 
The experimental and analytical data showed good agreement. 

Future Work 

Future work for predicting the behavior of a bolted gasketed joint subjected to a torque or re-
torque includes investigating and developing novel methods for determining the viscoelastic 
modeling constants from other methods besides the standard creep test. Future methods for 
obtaining the modeling constants might include using only the (1) initial creep tests, (2) a small 
fixture, such as a relaxometer, or from a (3) simple compression test. Other areas of research 
might include investigating deeper into the effects and mechanics of various types of gasket 
flange serrations. Thermal-mechanical behavior of PTFE gasket material used with bolted-joints 
is another possible exciting research area as these types of gaskets are often used in cryogenic 
applications and further understanding of the temperature dependence of the creep and relaxation 
behavior would be beneficial to designers. Overall, there is an abundance of active research 
possibilities for this and other viscoelastic gasket materials used within bolted joints. 
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Abstract 

The recycling of waste tires has been a big environmental problem. About 280 million 
waste tires are produced annually in the United States and more than 2 billion tires are 
stockpiled, which cause fire hazards and health issues. Tire rubbers are insoluble 
elastic high polymer materials. They are not biodegradable and may take hundreds of 
years to decompose in the natural environment. Microwave irradiation can be a 
thermal processing method for the decomposition of tire rubbers. In this study, the 
microwave absorption properties of waste tire at various temperatures are 
characterized to determine the conditions favorable for the microwave heating of 
waste tires. 

Introduction 

The waste tire has been called "black pollution". With the development of automobile 
industry, the black pollution becomes worse. Processing of waste tires has been a big 
problem for more than 100 years since the auto transportation began to use rubber 
tires. According to statistics, more than 1.5 billion of waste tires are produced all over 
the world annually. Among them, the contribution from USA is more than 0.3 billion. 
For cities, states and industries, processing of discarded tires in the United States is a 
dilemma. Research shows that two to five billion waste tires are hold in landfills and 
stockpiles. The governmental agencies, municipalities, industrial corporations and 
community leaders have attempted to reduce the size of space for waste tire storage. 

Waste tires have environmental and health problems. The scrap tires can take a lot of 
space. Most of the scrap tires are stored outside. With the sun and rain, the scrap tire 
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can promote breeding of mosquito which can carry acute infectious germs. What's 
worse, the scrap tire can easily cause fire. 

In the landfill, the waste tires cannot be biodegraded. In addition, whole tires tend to 
work their way to the top of the fill and can cause damage to the landfill cap or seal. 
As a result, waste tires cannot be stored in landfills. Many tires are dumped illegally, 
due to the cost of placing them in sanctioned dumpsites. 

Under this situation, almost all states of the United States have established laws and 
legislation for gathering the waste tires. Many attempts have been made to decrease 
the pollution of waste tires. Many of these states collect license fees or taxes from 
factories and companies for processing the waste tire [1], 

Comprehensive utilization of waste tires are paid close attention by developed 
countries for reaching a target of resources recycling and environment protection. It is 
significant for waste rubber to be recycled. The reason is that the waste rubber causes 
serious environmental problems. Pets and mosquitoes are abundant around waste tire 
which is a good place for propagation. This condition can cause spreading of 
infections, for example, malaria, cephalitis and so on. 

For countries, recycle of the waste tire can save the energy, because the raw material 
for the rubber industry depends largely on petroleum. This is particularly important 
for the countries which have little resources of natural rubber. These countries also 
use amount of waste tire rubber for producing raw materials. The waste rubber has the 
highest burning value of about 3.3 x 104 kJ/kg in the industrial division so that waste 
rubber is a kind of high-value bunkers the same as coal. Previous wok shows that the 
world would lost 3x 1014 kJ heat without recycling rubber [2], 

Methods for Waste Tire Recycling 

Methods for waste tire recycling include landfill, stockpiles, road base, combustion 
and pyrolysis. The landfill method is a method which buries waste tires. It is the 
oldest method for treating waste materials. It can also be called as tip, dumping 
ground or rubbish dump. In history, landfill is the most normal way for the 
organization of waste charge all over the world. However, landfill is not suitable for 
waste tire treatment. Due to their large volumes and 75% void space, they consume 
space rapidly [3], The waste tire may produce buoyant bubble on the surface since 
they are able to trap methane gases. The buoyant bubbles can damage the landfill 
liners which have been installed to promote prevent landfill wastes to pollute the 
surface and ground water. It just buries the waste tires without reuse so it is a waste of 
potentially valuable waste tires, although it is relatively easy to get and cheap for 
disposal purposes. 
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The stockpiles of waste tires can make serious safety and health risks. Waste tires are 
able to appear easily and seriously polluting the air and ground. The waste tire has 
another risk of health that it provides places for vermin and mosquitoes for breeding 
resulting in an increasing number of diseases. The stockpiles also can cause illegal 
dumping of waste tires. The illegal dumping of waste tires makes many states to pass 
waste tire regulation requiring suitable managing because it will pollute woods, 
deserts, ravines and empty lots. All of the organization members are able to dispose a 
limited number of waste tires free of charge and this can be funded by state waste tire 
programs. As a result of this illegal dumping [4], improper storage of waste tires may 
be increased. This activation is sometimes related to illegal activities and lack of 
environmental awareness. 

Combustion of waste tires has been carried out, in many cases, as a coal replacement 
in industrial boilers or incinerators. Uncontrolled combustion at storage or stockpile 
sites have also been reported, which causes even worse problems. The combustion of 
waste tires emit dioxins (toxic hydrocarbon), zinc oxide poly-nuclear aromatic 
hydrocarbons i.e. potent carcinogens, leading to serious pollution of air. It is thus 
necessary to make use of this energy for electricity generation and to recover useful 
by-products such like char and steel, etc. taking use of new process, for example, by 
incineration and by pyrolysis which involves use of microwave heating or electric 
heating [5-10], 

Pyrolysis has been widely used in chemical industry, such as producing activated 
carbon, methanol, charcoal and other chemicals from wood. It is used to make coke 
from coal and to convert biomass into biochar and syngas. The pyrolysis differs from 
other high-temperature processes, such as hydrolysis and combustion, because 
pyrolysis often includes reactions with no water and oxygen. Actually, it is impossible 
to get a totally anaerobic atmosphere. 

Pyrolysis of waste tires can recover remaining solids after fluid reactions. For 
example, carbon black, steel and carbon, from volatile liquid and gaseous compounds 
that can be used as fuel [4], The pyrolysis of waste tire has been widely used all over 
the world. 

The pyrolysis way for waste tire recycling is a technology which heats particles or 
whole of waste tire in a reactor in anaerobic environment. Waste tires will be 
decomposed into small particles and become softened in the reactor. These particles 
will vaporize and emit from the reactor at the end of the process. The vapors are 
usually used as fuel that is burned directly for producing energy. Some particles 
which are not big enough for condensing remain as gas for burning as fuel. Some 
parts of waste tire which are about 40% by weight are removed as solids [4], The 
pyrolysis of waste tire process can be very clean without waste or emissions. 
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In this study, the microwave heating characteristics of waste tire rubber is investigated. 
It is important to understand the fundamental microwave absorption properties before 
we can determine how microwave can be introduced to the high temperature process 
for the waste tire recycling. 

Materials and Experiment 

Materials 

The waste tire sample was purchased from the Cooper Company, Michigan. It has the 
following description: 104T max load 900kg (2984 LBS), max press 300kg (44 P.S.I), 
tread 1 PLY NYLON + 2 PLY STEEL + 2 PLY POLYESTER, sidewall 2 PLY 
POLYESTER , made in USA. The samples were prepared by cutting off rubber rods 
from the center of the tire. These rods have a length of 12 mm. 

A SEM examination has been conducted to look into the composition and structure of 
tire rubbers. The SEM study was carried with a Hitachi S-4700 field 
emission-scanning electron microscope (FE-SEM). 

Table 1 shows the typical composition of a tire [2], It contains natural rubber, 
synthetic rubber, carbon black, steel cord, weave cord, and others. Rubbers have a 
total weight of nearly half of the total weight. Carbon black and steel are major 
constituents of the tire, accounting for approximately 25% and 14% of the weight, 
respectively. From chemical composition analysis, C, H, O, N, S, CI, Zn, and Fe 
were found to be the major elements. The contents of Fe and C amount to nearly 90% 
(13.5% and 73%). Sulfur and zinc are important elements in rubber, with the 
content ranging from 1 to 2%. 

Table 1. Composition of tire (weight %) [2] 

Material Content Element Content (wt. %) 
(wt.%) 

Natural rubber 23 C 73.0 
Synthetic rubber 24 H 6.0 

O 4.0 
Carbon black 25 N 1.4 

S 1.3 
Steel cord 14 CI 0.07 

Zn 1.5 
Weave cord 4 Fe 13.5 

Others 10 
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Experiment 

Microwave absorption (dielectric) properties of waste tire rubber was measured using 
a TMono cavity system. Figure 1 shows the linear actuator with a sample lined in axis 
in the middle of the cavity and the quartz sample holder. There is a small hole in the 
quartz base which supports the sample in the holder so that gas can flow upwards 
using a (not shown) metered gas flow control system. 

The measurement was performed in stagnant air using a short (~ 80 mm high) sample 
holder. The initial sample parameters were: 

a) Diameter: 3.60 ±0.15 mm 
b) Length: 13.59 ±0.05 mm 
c) Mass: 0.153 ±0.002 gm 
d) Room temperature density: 1.11 ±0.07 gm/cc. 

The final sample parameters were: 
a) Diameter: 3.4 ±0.15 mm 
b) Length: 12.4 ±0.05 mm 
c) Mass: 0.059 ±0.002 gm 
d) Room temperature density: 0.52 ±0.05 gm/cc. 

Figure 1. Schematic diagram of the TMono cavity system (in cross-section). 1-High 
temperature resistance furnace, 2-Entry hole, 3-TM0n0 right cylindrical cavity, 
4-Sample in quartz holder, 5-Quartz sample holder, 6-Sample stage on linear actuator, 
and 7-Support stand. 
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Results and Discussion 

Characterization of Materials 

Figure 2 shows a SEM micrograph of the waste tire rubber. The large gray grain to 
the left is designated as Area 1. The bright grain below the Area 1 is named Area 2. 
The groundmass with large amounts of small aggregates at the center right part of the 
photo is Area 3. The three areas were analyzed with ED AX for their compositions. 

The results of analysis are shown in Table 2. It indicates that the area 1 may represent 
a filler particle in the rubber. The chemical composition of this grain is clearly a 
potassium aluminum silicate, which is most likely a feldspar mineral. In the tire 
description earlier from the manufacture, it didn't mention that silicate minerals are 
part of the tire. However, it is common to have mineral filler in the organics for cost 
reduction. It is believed that tire manufacturers also use mineral fillers as a cost 
reduction approach. So, this grain may represent a typical mineral filler grain. The 
area 2 is primarily iron, which is obviouly the steel reinforment in rubber. The 
composition of area 3 is primarily carbon, about 63% of the total weight. This area 
represents the groundmass of the material, and is thus the typical rubber dominant part 
of the material. The presence of sulfur (5.93%) for rubber vulcanization and zinc 
(12.11%, in form of zinc oxide actually) as the activator for rubber vulcanization 
reaction prove that this area is the rubber area. 

Figure 2. General morphology of tire rubber sample (scale bar 100 /mi) 

240 



Table 2. Composition of the three areas in the waste tire (wt %). 
Area C Mg A1 Si K S CI P Ca Fe Zn O 

1 6.37 ND 23.52 34.25 16.75 ND ND ND ND ND ND 15.34 
2 0.66 ND ND 1.32 ND ND ND ND ND 98.01 ND ND 

3 63.51 0.78 1.63 10.43 ND 5.93 1.29 0.91 0.63 2.77 12.11 ND 

Microwave Absorption Properties 

Figure 3 shows that variation of relative dielectric constant of tire rubber at 915MHz 
and 2466 MHz (for the common practice at 2.45GHz) in log value under stagnant air 
in the chamber. The results can be separated into different distinct stages. At 915 
MHz, it keeps increasing in the range of room temperature to 650°C. For the second 
stage from 650 to 800°C, it decreases first and then keeps increasing. The relative 
dielectric constant of tire rubber at 2450 MHz behaves similarly to that at 915MHz. 
The relative dielectric constant of tire rubber at 915 MHz is higher than that at 2466 
MHz. 

Figure 3. Temperature dependences of relative dielectric constant (in log scale) under 
stagnant air. The s'mm.i denotes relative dielectric constant at 915MHz, while the 
£ MM.2 represents the relative dielectric constant at 2466 MHz. 

As seen in Figure 3, although relative dielectric constant of tire rubber at 915MHz is 
higher than the relative dielectric constant of tire rubber at 2466MHz, the relative 
dielectric constant of the tire rubber is generally independent of microwave 
frequencies. 
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For most materials, the dielectric constants increase with temperature. In the tire 
rubber, the main component which absorbs microwaves is carbon black. Carbon black 
is an excellent microwave absorber because the material has strong polarity [11], As 
the temperature is increased, the pyrolysis of tire rubber may produce more carbon 
black. This would result in the increase of carbon black content in the products. 
Consequently, the microwave absorption capability of the sample would increase with 
temperature. 

Conclusions 

The recycling of waste tires has been a big environmental problem. Pyrolysis is 
considered the most desired approach for the materials and energy recovery. 
Microwave absorption properties of tire rubbers at various temperatures are 
characterized in this study to determine the conditions favorable for the microwave 
heating of tire rubbers. It was found that the dielectric constant of waste tire increases 
with the rising temperature in the experimental range from room temperature to about 
800 °C. Carbon black is an excellent microwave absorber. Since it is a major 
component in tire, it is believed that carbon black is responsible for the high 
microwave absorption capacity of the waste tire. 
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Abstract 

A simple technique is presented to evaluate optical property of biomimetic microlens array 
(BMA) as an antireflective surface on a polydimethylsiloxane (PDMS) sheet. The integration of 
these structures is done by a thermoforming process. We have only UV-VIS spectrophotometer 
for optical evaluation apparatus. The transmittance of the sheet is measured with angled sample 
holder. The 50 deg. transmittance of 270nm pitch BMA on PDMS sheet increases from 87 to 
92% after the moth-eye structure is introduced. The transmittance of 350nm pitch BMA on 
PDMS sheet increases from 87 to 96% after the moth-eye structure is introduced. The 
transmittance increases with increasing pitch of BMA. The results obtained using UV-VIS 
spectrophotometer with handmade sample holder. 

Introduction 

Nanoimprint is a method of fabricating micro- and nanometer scale patterns using fine molds [1], 
Nanoimprint has demonstrated sub-micrometer feature size, pitch, vertical and smooth sidewalls, and 
nearly 90° corners. Further experimental study indicates that the ultimate resolution of nanoimprint 
could be sub-micrometer and the imprint process is repeatable. Nanoimprint has two basic steps. The 
first is the imprint step in which a mold with nanostructures on its surface is pressed into a thin resist 
cast on a substrate. This step duplicates the nanostructures on the mold in the film. In other words, 
the imprint step creates a thickness contrast pattern in the film. The second step is the removal of the 
mold. This step transfers the thickness contrast pattern into the independent film. During the imprint 
step, the film is heated to a temperature above its glass transition temperature. At that temperature, 
the film which is thermoplastic becomes a viscous liquid and can flow and, therefore, can be readily 
deformed into the shape of the mold. The resist's viscosity decreases as the temperature increases. In 
other hand thermosetting resins have not ever been used for imprint film. Silicone resin which is 
thermosetting resin has high quality for optical application. Silicone resin has been used an 
encapsulating resin of LED (light emitting diode) packages. 
In this work, we applied imprint technique the biomimetic microlens array (BMA) [2, 3] as an 
antireflective surface on a polydimethylsiloxane (PDMS) sheet. Figure 1 shows schematic view 
of the nanoimprint process [4], The biomimetic microlens array mold is immersed in PDMS 
mixture and cured. Finally the mold is removed. A simple technique is presented to evaluate 
optical property of silicone BMA. 
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Figure 1. Schematic view of the nanoimprint process, (I) the biomimetic microlens array mold is 
immersed in PDMS mixture and cured, (II) the mold is removed. 

Experimental 

Specimen Preparation 
The integration of BMA structures is done by a thermoforming process. The BMA mold is 
immersed in PDMS mixture. An imprinting temperature of 150 °C is chosen and the applied 
pressure is 1 MPa. Figure 2 shows our imprint equipment. In order to make the most accurate 
PDMS copies of the pattern, we have tested several PDMS solutions. 1:1 mixtures of PDMS 
base elastomer and curing agent solutions are prepared. A planetary centrifugal mixer is used for 
simultaneously dispersing the components uniformly and de-aerating the mixture. 

Figure 2. The photograph is the equipment to imprint. 

Measurement of Optical Properties 
We have only UV-VIS spectrophotometer, Shimadzu UV-1600, which is shown Figure 3 for 
optical evaluation apparatus. The transmittance of the sheet is measured with five angled sample 
holders. The angles of sample holders are 10, 20, 30, 40, 50 degree. The handmade sample 
holders are shown in Figure 4. 
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Figure 3. Optical evaluation apparatus isUV-VIS Spectrophotometer. 

Figure 4. The photographs are handmade angled sample holders. 
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Results and Discussion 

Shape of BMA 
SPM (Scanning probe microscope) image of a BMA on PDMS sheet is shown in Figure 5. SEM 
(Scanning electron micrographs) image of the BMA on PDMS sheet are shown in Figure 6. Very 
good pattern definitions are obtained. The shape data of BMA on PDMS are shown in Table I. 

Figure 5. The SPM image is a biomimetic microlens array on PDMS sheet. 

Figure 6. The SEM image is biomimetic microlens array on PDMS sheet. 

Table I. Shape data of BMA on PDMS. 
Sample name Height [mill Pitch fnml Thickness [mm] 

BMA1 on PDMS 200 270 1.21 
BMA2 on PDMS 190 350 1.10 
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Optical Properties of BMA 
The relationship angle of sample in UV-VIS spectrophotometer and transmittance of BMA on 
PDMS sheet at 540nm are shown in Figure 7. The 50 deg. transmittance of BMA1 on PDMS 
sheet (270nm pitch) increases from 87 to 92% after the moth-eye structure is introduced. The 
transmittance of BMA2 on PDMS sheet (350nm pitch) increases from 87 to 96% after the moth-
eye structure is introduced. The transmittance increases with increasing pitch of BMA. 

Figure 7. The graph shows the relationship angle of sample holder in UV-VIS 
spectrophotometer and transmittance of biomimetic microlens array on PDMS sheet at 540nm. 

Assembly property measurement 
For assembly property measurement we used blue LED apparatus. The blue LED apparatus is 
shown in Figure 8(1). The blue LED apparatus with PDMS sheet is shown in Figure 8(11). That 
with BMS2 on PSMS is shown in Figure 8(111). The diffusion degree of the blue light of Figure 
8(11) is different from that of Figure 8(111). 
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( I I ) 

(III) 

Figure 8. Assembly property measurement of (I) only blue LED, (II) blue LED through PDMS 
sheet, (III) blue LED through BMS2 on PDMS. 
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Conclusion 

We applied imprint technique the biomimetic microlens array as an antireflective surface on a 
thermosetting resin, polydimethylsiloxane sheet. We have demonstrated a simple technique of 
optical evaluation for biomimetic microlens array on polydimethylsiloxane sheet. The results 
obtained using UV-VIS spectrophotometer with handmade sample holder and also assembly 
property measurement apparatus. 
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Abstract. Polymers are susceptible to changes in their chemical structures that affect their 
mechanical properties under weather condition. Exposure of plastics to UV radiation causes a 
loss in their mechanical properties and/or change in appearance, including reduced ductility, 
color changes, yellowing and cracking. Today, there are several additive systems (light 
stabilizers) developed to work according to resin, final application, type of cultivation, and other 
characteristics. This study evaluates the different additive systems (Hindered Amine Light 
Stabilizer - HALS, nano calcium carbonate - NPCC, nZnO and nTi02), applied 0.75% (in 
weight) in linear low density polyethylene (LLDPE). The samples were mixed by high rotation 
homogenizer and extrusion. Later, the samples were molded by injection and aged in QUV-B 
simulating 6 months of exposure to weather. Tests of FT-IR and tensile strength comparing to 
the non-aged samples were carried out in order to evaluate the performance of several additive 
systems. 

INTRODUCTION 

Aging is a term used for many branches of polymer science and engineering, when the properties 
of polymer change over a period of time. The changes can be observed on engineering properties 
as strength and toughness; physical characteristics as density; or chemical characteristics as 
aggressive chemical reactivity. The origins of these changes can be chemical or a result of 
interaction with the environment, such as when the oxidation leads to chain scission. Sometimes 
a series of aging-related phenomena occur simultaneously and or interactive form (1). 

The main purpose served by examining data on weathering of materials is to predict any 
potential changes of physical properties and appearance of those materials. Natural sunlight is 
not standard; there are variations in clouds, smog, angle of the sun, rain, industrial environments, 
etc. Accelerated aging is used to guarantee the test is realized under standard methods (2). 

Salem, Faouk and Kashif (3) studied films of low density polyethylene (LDPE) non-stabilized 
against formulations containing stabilizer type Hindered Amine Light Stabilizer (HALS) after 
exposure to ultraviolet radiation. The results showed the use of stabilizer HALS was effective to 
keeping mechanicals properties of LDPE films after UV exposition. It was also observed that the 
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rate of formation of earbonyl groups depends of time of UV exposure, as well as the polymer 
crystallinity is strongly influenced by UV radiation and presence of HALS (4). 

Deschmane, Yun and Misra (5) investigated the effect of calcium carbonate in mechanical 
properties of high density polyethylene (HDPE) compounds. The characteristic of reinforcement 
was evidenced through the results of impact resistance where the fracture characteristics were 
attributed mainly to the nucleating effect promoted by the presence of calcium carbonate, 
decreasing the size of the espherulites (6). 

Photodegradation of LDPE containing nano particles of zinc oxide (nZnO) was analyzed by 
Yang and other (7) by FT-IR to monitor the development of oxidation products of films. 
Although the absorption of wavelengths below 350nm by ZnO protect the polymer of 
photochemistry degradation, can induce heterogeneous photocatalytic oxidation of polymer. 
Apparently, the reduction of mechanical properties is more related to the earbonyl groups than 
the generation of C0 2 (8). 

Yang and other (9) studied the effect of UV radiation in LDPE films containing different 
concentrations of nano particles of titanium dioxide (nTi02). When exposed on equipment for 
accelerated weathering test of type QUV, films resisted 400h, although Ti02 presence had 
promoted the exposition time reduction 50% in mechanical resistance due earbonyl groups 
formation. 

This study evaluates the additive systems (HALS, NPCC, nZnO and nTi02), applied 0.75% (in 
weight) in LLDPE. The samples were mixed by high rotation homogenizer and, further, 
extrusion. Later, the samples were molded by injection and aged in QUV-B simulating 6 months 
of exposure to weather. Tests of FT-IR, earbonyl index and tensile strength comparing to the 
non-aged samples were analyzed to evaluate the performance of additive systems in relation to 
the degradation behavior of linear low density polyethylene. 

Materials and Methods 

Material 

Linear Low Density Polyethylene (LLDPE) butane-1 copolymer, narrow molar mass 
distribution, without slip additives, supplier Braskem, named ML 2400N, with melt index of 20.0 
g/10min and density of 0.926 g/cm3. This material was used as a vehicle for the production of 
masterbatches and obtaining specimens injected. 
Tinuvin 783 is a mix 1:1 of Hindered Amine Light Stabilizer (HALS) with low molar mass 
(Chimassorb 944), and high molar mass (Tinuvin 622). This additive is produced by BASF and 
used as standard UV stabilizer, whose physical form is represented by slightly yellowish 
granules or tablets, with density 514 g/1 and fusion of 55°C to 140°C. 
The nano calcium carbonate was provided by Nano Materials Technology R e Ltd., represented 
in Brazil by Lagos Quimica, called NPCC-201, with specific density of 2.5 g/cm3, surface area 
of 40.0 m2/g and average particle size of 40nm. 
The nano titanium dioxide was supplied by Croda, named Atmer 7354, whose product is a 
concentrate of additive with 20% of active metal oxide content, compatible with polyolefin 
polymers. 
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The nano zinc oxide was provided by Croda, named Atmer 7355, whose product is a concentrate 
of additive with 30% of active metal oxide content, compatible with polyolefin polymers. 

Preparation of samples 

For the study of the nano composites, proposed formulations were presented below, whose 
compositions are expressed as percentage, in weight. 

PE100 - 100% LLDPE 
PECa75 - 0.75% NPCC additive in 99.25% LLDPE 
PETi75 - 0.75% nTi02 additive in 99.25% LLDPE 
PEZn75 - 0.75% nZnO additive in 99.25% LLDPE 
PEUV75 - 0.75% HALS additive in 99.25% LLDPE 

The formulations that contained nano calcium carbonate and the ultraviolet stabilizer additive 
default, have been prepared initially by mixing in high rotation homogenizer for better dispersion 
of components, forming a concentrated (masterbatch). Then, pellets were formed by extrusion, 
and later, inject specimens. Samples of nano titanium dioxide and nano zinc oxide were provided 
as concentrated in polyethylene, therefore, were only applied to thermoplastic resin in 
appropriate proportion, and after, obtain injected specimens. 
Components of formulations were weighed in balance Marte, model AS 5500, with capacity of 
5000g. Formulations were prepared in high rotation homogenizer MH, model MH-600, capacity 
of 500g. The components of formulations were introduced at the same time in equipment and the 
mix occurred by shear, with velocity of 3600 rotations per minute (rpm). The molten material 
was ground into mill BGM, leading to reduced pieces and dosage of these in mono screw 
extruder. 
Formulations were produced in mono screw extruder BGM, model EL-25, with screw diameter 
of 25mm and L/D = 30. The heat profile was 110/120/130°C for feed, compression and dosage 
zones, respectively, and 140°C on head. It was used screw rotation of 50rpm. 
To prepare injected samples, an Arburg injector, model Allrounder 270S 400-100, was used with 
heat profile 120/130/150/155/160°C, funnel to nozzle. 

Analytical methods 

The accelerated aging was conducted in a test chamber UV condensation (QUV) to simulate the 
effects of degradation on the surface of specimens, usually generated by exposure to sunlight, 
rain and dew. The specimens were exposed to radiation generated by UV-B lamp-310, with 8h of 
UV cycle to 70°C and condensation cycle of 4h to 50°C, repeating for 172 hours, simulating 
natural exposure of 06 months. 
The mechanical tests were carried out to evaluate the resistance of nano composites through 
properties at break, elongation at break and the secant module. The analyses were performed per 
ASTM D-638, in Zwick universal testing machine; model Z030, with speed of 50 mm/min and 
processing of data through Software Test Xpert Machine V.6.01. 
Analyses of Fourrier Transform InfraRed (FT-IR) were carried out for verification of the 
oxidation of the polymer through the carbonyl index, according to ASTM D 5576, Perkin Elmer, 
spectrometer Spectrun One model, coupled with Universal ATR device ("Sampling Accessory"), 
in the range of 400 to 10000cm"1 with resolution 2cm"1. 
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Results and Conclusion 

The results of the measurements of mechanicals properties for the different compositions of 
samples studied are shown on Table 1. It is possible to observe the effects of photodegradation 
on sample PE100 when compared with PE100 STD. PE100 not contain additive, then UV 
radiation is very aggressive, caused the decline of the properties (decrease of 45.5% in tensile 
modulus and breaking of the sample while the PE100 STD did not break after stretching). 
Considering PE100 the reference for sample post ageing, the nanoparticles presented increase in 
tensile modulus (71.85% to PECa75, 64.08% to PETi75 e 71.85% to PEZn75). These results 
showed that nanoparticles have given greater stiffness to the polymer. Due to this characteristic, 
it has greater tensile strength in breaking and lower elongation at break. 
Despite the lower results in modulus of elasticity and strength resistance, it was verified that the 
sample PEUV75 had more deformation and not broke in the same test condition. 
The composites with additive HALS (PEUV75 STD and PEUV75 QUV) were more tenacious, 
probably, this additive did not interfere on crystallinity of polymer or its influence was minimal. 

Table 1. Results with polyolefin polymers after accelerated aging by QUV-B 

Sample Tensile Modulus 
E(MPa) 

Breaking 
Strength 
(MPa) 

Breaking 
Elongation (%) 

PE 100 STD 188.80 ±20.49 - -

PE 100 QUV 103.00 ±6.04 5.90 ± 1.47 173.47 ±33.77 
PE UV 75 STD 170.00 ±23.10 - -

PE CA75 STD 184.60 ±29.23 - -

PE ZN75 STD 153.60 ± 16.23 - -

PE TI75 STD 150.80 ±9.58 - -

PE UV 75 QUV 175.60 ±26.23 - -

PE CA75 QUV 217.20 ±29.24 10.51 ±0.24 93.10 ±31.48 
PE ZN75 QUV 177.00 ±5.66 8.41 ±0.86 135.81 ±22.95 
PE TI75 QUV 169.00 ± 24.03 7.53 ± 1.28 128.68 ± 18.56 

STD - reference sample, standard material, not aged. 
QUV - sample post ageing by chamber QUV-B. 
- no break. 

The carbonyl index is calculated as the ratio of the intensity of the carbonyl band (1710-1730 cm" 
') in the FTIR spectrum and the intensity of the chosen reference band in the material examined 
(10, 11). In the case of Polyethylene, the band was chosen to group C-H stretching (1300-1400 
cm"1). Table 2 shows the values obtained and indicates that the carbonyl index suffers increase 
after aging for all samples, except for HALS. The most effective additive on reduction of 
carbonyl index is the HALS, followed by nCaC03 . Samples with nZnO and nTi02 presented 
superior carbonyl index. 
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Table 2. Heights of the carbonyl stretching bands and C-H stretch. 

Sample Carbonyl CI QUV / CI 
index (CI) STD 

(h c=o / h C -H) (%) 
PE 100 QUV 0.10 1.83 
PE 100 STD 0.05 
PE UV75 QUV 0.05 0.52 
PEUV75 STD 0.03 
PE Ca75 QUV 0.02 5.75 
PE Ca75 STD 0.12 
PE Zn75 QUV 0.03 6.55 
PE Zn75 STD 0.20 
PE Ti75 QUV 0.03 10.17 
PE Ti75 STD 0.30 

STD reference sample, not aged. 
QUV sample post ageing by chamber QUV-B. 

In general, all systems of light stabilizer additives had a positive effect on the LLDPE material, 
with different performances, according to the results presented. 
The sample based HALS had a mechanical result (yield strength) close to the sample of LLDPE 
without additives (ageing), however, the sample not broke in tensile strength. The polymer with 
HALS additive (PEUV75) was more tenacious because, probably, this additive didn't interfere 
on crystallinity or its influence was minimal. It had presented the carbonyl index lowest among 
all the studied systems. 
Nanoparticle-based samples, as well as increase the carbonyl index, showed an increase of 
mechanical properties. These results can be explained due to the physical characteristics of these 
materials, which can act as nucleating agent for the polyethylene, conferring mechanical 
reinforcement and turn the polymer more stiffness. 
The balance between carbonyl and mechanical properties index showed nCaCC>3 the best 
formulation light stabilizer, among the analyzed nanoparticle systems (nZnO, nTi02 and 
nCaC03). 
Thus, it was concluded that the best UV additives systems evaluated were based on HALS 
(PEUV75), keeping the tenacity of the polymer, and nCaC03 (PECa75), offering greater 
stiffness to polymer. 
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Abstract 

Natural fibers are attracting the interest of engineering sectors owing to specific advantages 
such as lightweight and lower cost as well as for their inherent condition of being renewable, 
biodegradable, recyclable and neutral with respect to C0 2 emission. In particular, the fiber 
extracted from the malva plant stem is nowadays recognized as one of the strongest 
lignocellulosic fibers. However, the thermal properties of the malva fibers have yet not been 
fully investigated. The present work had as its objective to investigate, by photoacoustic 
spectroscopy and photothermal techniques the thermal properties of diffusivity, specific heat 
capacity and conductivity of a pressed malva fibers sample. The results revealed that these 
fibers showed a superior thermal insulation capacity. 

Keywords: Photoacoustic, Malva fibers, Thermal Properties. 

Introduction 

According to Kalia et al [1], cellulose-based fibers are gaining attention due to its "green" 
image, unlike the glass fiber widely used in modern technology, those lignocellulosic fibers 
are renewable and can be incinerated in the end of the useful life without the addition of air 
pollution, since the amount of C0 2 released during the combustion process is negligible 
compared to the amount absorbed by the plant throughout its life [2], 

It should be notice that the use of lignocellulosic fibers in packaging, textile, construction and 
automobile industries is growing very fast. One of its applications is promising as 
reinforcement for polymeric composites. In fact, a considerable number of publications [3-8] 
has been devoted to lignocellulosic materials reinforcing polymer composites. In particular, 
the applications on automobile industry already in the market [9-12], 

The lignocellulosic natural fiber extracted from the stem of malva plant, illustrated in Figure 
1, can reach high values of tensile resistance [13], and the plantation, extraction and 
manufacture procedures do not cause problems to the environment. 
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Figure 1 - (A) Malva typical plant (B) Malva extracted fibers. 

A preliminary thermal behavior investigation of the malva fiber by thermogravimetric 
analysis, TGA, and it's derivative DTG showed the material evolution conditions associated 
with water loss, for surface moisture, water release, cellulose and lignin decomposition and 
also calcium and silicon oxidation [14]. 

The photoacoustic spectroscopy and photothermal techniques characterizes thermal properties 
and acoustic insulation for the tested materials. These techniques are based on heat generation 
as a result of the absorption of radiation [15,16] and had already presented some interesting 
results in literature for polymeric materials [15]. The objective of this study was to perform 
photoacoustic and photothermal characterization of malva fiber. 

Materials and Methods 

The malva fibers used in this work were purchased from a local supplier in the Amazon 
region. After cleaned and dried at room temperature the fibers diameters were statistically 
analyzed following the procedure described elsewhere [13,18], The diameter distribution goes 
from 20 to 110 (im with an average diameter of 65 micrometers. 

This study samples was prepared using pure malva fibers carefully crushed under 25 tons of 
pressure to generate a thin disc with thickness less than 0.5 mm, the fibers were placed inside 
plastic film before the crushing process to prevent contaimination. The discs can be seen in 
Fig 2(b). Each sample was tested in a open photoacoustic cell as shown in Figure 2(a), to 
amplify the photothermal results materials were tested under continuous laser illumination. 
Both techniques were used to determine the thermal diffusivity as, and specific heat capacity 
pep. From these parameters, the thermal conductivity, k, of malva fiber was evaluated by the 
following equation: 

k = as pCp (1) 

The thermal diffusivity was measured by the photoacoustic technique which considers heat 
loss in a sample due to a process of thermal relaxation upon light absorption. The open 
photoacoustic cell (OPC) assemble the sample directly into a cylindrical microphone, as 
showed in Figure 2(a). The air chamber in front of the microphone works as a conventional 
gas chamber, normally applied in others photoacoustic techniques [16]. The results evaluation 
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is based on the fact that thermoelastic mechanism is dominant on the OPC method. The value 
of as was then obtained by fitting the data of the experimental phase, (]), by the following 
equations: 

<j) = <j) + arctan(—!—) (2) 
x -1 

• 7tf J " 
x =*.(—) (3) 

a s 

Where £s is the sample thickness and f is photoacoustic signal frequency. It is assumed that 
the sample is optically opaque, and that the flow of heat into the surrounding air is negligible. 

Figure 2. (A) Malva photoacoustic sample, (B) The open photoacoustic cell (OPC) 

Results and Discussions 

Figure 3 shows typical curves of the variation of the phase (]) photoacoustic signal with a 
frequency f. It is worth mentioning that the signal phase is the phase difference between the 
generated signal and the detected signal. The frequency with varies in the graph is the 
modulation frequency of the laser. 

Figure 3. (]) phase variation of the photoacoustic signal with frequency f to the malva fiber. 
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In Figure 3, the black dots represent the experimental data while the solid line corresponds to 
the best experimental points fit curve. Considering that the thickness of each sample is £s = 
624 pm, the thermal diffusivity based on Eq (3) was determined as: 

as = (1,13 ± 0,06) m2.s_1 (4) 

Given malva sample evolution with time, when laser illumination is cleared, it was plotted the 
experimental curves as illustrated in Figure 4. In this figure, the points correspond to the data 
obtained experimentally. On the other hand, the solid line represents the mathematical best fit 
curve for the path of the experimental points. The continuous line was calculated considering 
the following equations: 

AT = ( — — — ) (1 -
Is PCp 

(5) 

t = 4 P c p ( 2 H ) 

H = 4ct TO 

(6) 

(V) 

where Io is the intensity of the incident laser on the sample and i is known as the time of 
rising temperatures ("temperature rise time"), which H is called the transfer coefficient of heat 
radiated and consist of the constant of Stefan-Boltzmann, CT, and the ambient temperature T0. 
Using the value o f t as an adjustable parameter on the curve of Figure 4, the specific heat 
capacity can be obtained. 

Figure 4. Back surface of the sample temperature evolution 

Thus, considering Eq 5, 6 and 7, the value of the specific heat capacity of the malva fiber was 
obtained as: 

pc = (8,7±0,9) J. K-'.m"3 (8) 
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Was obtained the thermal conductivity of malva fiber using the values of thermal diffusivity, 
Eq (4) the specific heat capacity, Eq (8) together in Eq (1) 

k = (0,09 ± 0,01) W.m-'.K (9) 

The value is comparable to others obtained for polymeric materials [17], The value of thermal 
conductivity in Eq (9) indicates that the jute fiber has good thermal insulator characteristics. 

Conclusions 

• Photothermal properties of malva fiber extracted from the stem of the plant were able 
to be characterized by open photoacoustic cell spectroscopy technique. 

• The thermal diffusivity as = (1.13 ± 0.06) m2.s_1 and thermal capacity pc = (8,7 ± 0,9) 
J. K_1.m"3 were obtained with reasonable accuracy from mathematical adjustments of 
experimentáis data. 

• Finally, we calculated the thermal conductivity k = (0,09 ± 0,01) W.nf ' .K, which 
indicates that the malva fiber is a good thermal insulator. 
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Abstract 
The purpose of this study was to investigate the mechanical, morphological and thermal properties 
of biodegradable composites based on aliphatic-aromatic copolyester/polylatic acid blends 
(PBAT/PLA blends) reinforced by açai seed fibers, an abundant byproduct of the açai fruit agro 
industry. The biodegradable polymeric composites were prepared by melting extrusion process 
using a twin-screw extruder machine. The fibers removed from the açai seed were used as the 
reinforcement and PBAT/PLA blends as the matrix. The influence of the açai seed fibers addition 
on properties of composites was investigated by tensile and impact tests, SEM, DSC, and XRD 
analysis. Correlation between properties was discussed. In addition, açai seed fibers 
characterization by SEM, XRD and WDXRF have also been carried out. The addition of açai seed 
fibers on biodegradable PBAT/PLA blends showed that it is possible to get interesting property 
gains in biodegradable polymer by using waste from renewable sources. 

Introduction 
Nowadays, the environment and sustainability issues have led to remarkable achievements in green 
technology in the field of materials science through the development of biocomposites. 
Biocomposites are obtained by the combination of biodegradable polymer as the matrix material 
and biodegradable fillers (e.g., lignocellulosic fillers). Since both components are biodegradable, 
the composite as the integral part is also expected to be biodegradable [1], There is a growing trend 
to use vegetal fiber residues as fillers and reinforcement in biocomposites, due to their flexibility 
during processing, highly specific stiffness, large amount of these residues, low cost, and their 
biodegradability. As conventional plastics (polymer petroleum-derived) are resistant to 
biodégradation, the concept of using bio based plastics (biodegradable polymers or biopolymers) 
as reinforced matrices for biocomposites is gaining more and more approval day by day. A variety 
of natural and synthetic biodegradable polymers that can be used as biocomposite matrix are 
commercially avaiable. These biocomposite materials are designed to have a better environmental 
impact than conventional plastics [2, 3], Furthermore, for short-term applications, biocomposites 
present strong advantages, and a large number of papers has been published on this topic [2-11], 
Poly (lactic acid) (PLA), a linear aliphatic polymer, is known as a biodegradable thermoplastic 
polymer with widely potential applications [12, 13], PLA has a number of interesting properties 
including biodegradability, biocompatibility, high strength, and high modulus [14], Its high 
brittleness and low toughness limit its application [15], To overcome these limitations, blending 
PLA with flexible polymers is a practical and economical way to obtain toughened PLA. If the 
flexible polymer is biodegradable resin, the blend obtained will be even more interesting, since its 
biodegradability will be maintained. Poly (butylene adipate-co-terepthalate) (PBAT), an aliphatic-
aromatic copolyester, is considered a good candidate for the toughening of PLA due to its high 
toughness and biodegradability [16], Blends of PLA and PBAT exhibited higher elongation at 
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break but lower tensile strength and modulus than the pure PLA due to the addition of a ductile 
phase. Therefore, the addition of filler to PLA/PBAT blends led to a modulus approaching that of 
the neat PLA. Moreover, biocomposites obtained from PLA/PBAT blends as the matrix material 
reinforced with vegetal fiber residues can lead to obtaining to material with better mechanical 
properties than blend ones, and it can also be expected that the material to be biodegradable [1-3]. 
Acai' (Euterpe oleracea Mart.) is a palm plant widely diffused and cultivated in Amazon regions 
especially in Para, a state ofBrazil, where the pulp of the fruit has a large consumption as beverages 
and in food preparations (about 180 tons/year). A wide variety of marketable products is produced 
from this palm, but the spherical fruits are its most important edible product. The juice prepared 
by macerating the pulp of the fruit is used to produce energetic snack beverages, ice cream, jam, 
and liqueur. The acai' industrial processing produces a large amount of waste, mainly seeds and 
fibers [11, 17], It is estimated that only in the capital of Para state, Belem, approximately from 
100.000 to 120,000 tons of fruits are worked up commercially per year, yielding around 100,000 
tons of residues [18, 19]. The growing amount of waste has resulted in a serious environmental 
and public health problem. The aim of this work was to prepare biocomposite material based on 
PBAT/PLA blends reinforced with by afai seed fibers, residues from afai fruit agro industry and 
to investigate the effects of the afai seed fibers addition on the mechanical, morphological and 
thermal properties of biodegradable PBAT/PLA blends. 

2 MATERIALS AND METHODS 

2.1 Materials 
The materials used in this work were biodegradable Aliphatic-aromatic copolyester (PBAT) with 
biodegradable Poly(lactic acid) (PLA), producing a blend with MFI = 8,59 g/ 10 min at 190°C / 
2.16 Kg, and afai seed fiber residues from afai fruit agro industry 

2.1.1 Afai seed fibers residues preparation 
Afai seed fiber residues (fiber) were washed, and kept in distilled water for 24 h. The fiber were 
then dried at 80 ± 2 °C for 24 h in an air-circulating oven. The dry fiber were reduced to fine 
powder, with particle sizes equal to or smaller than 125 ¡im by using ball mills and then it were 
dried again at 80 ± 2 °C for 24 h to reduce its moisture content to less than 2 %. 
2.1.2 Preparation of blend and composite 

PLA and PBAT pellets were dried at 60 ± 2 °C for 4 h to reduce its moisture content to less than 2 
%. The PBAT/PLA blend (50 %/ 50% based on wt%) and PBAT/PLA with 30 % (wt %) a?ai 
seed fiber were prepared by melting extrusion process, using a co-rotating twin screw Haake 
Rheomex P332 operating in the L/D 3:1.33 rate. The temperature profile was 
105/110/115/120/125/130 °C. Screw speed was 70 rpm. The extrudates coming out of the extruder 
were cooled down for a better dimensional stability, pelletized, dried at 80 ± 2 ° C for 24 h in a 
circulating air oven, and fed into injection molding machine to obtain specimens test samples. 

2.2 Analyses: Blend and composite characterization: 

2.2.1 Mechanical tests 
Tensile tests (ASTM D 638), and Izod impact test (ASTM D 256-97) were performed in this 
work in order to evaluate the mechanical and thermo-mechanical behavior of the materials 
studied. Each value obtained represented the average of five samples. 
2.2.2 Scanning electron microscopy (SEM) 
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Scanning electron microscopy (SEM) analyses were carried out using a LX 30 (Philips).The 
samples were cryo-fractured under liquid nitrogen, and then the fractured surface was coated 
with a fine layer of gold and observed by scanning electron microscopy. 

2.2.3 Differential scanning calorimetry (DSC): analyses were carried out using a Mettler 
Toledo DSC 822e from 25 to 200°C at a heating rate of 10 °C/min under oxygen 
atmosphere. DSC analyses of the materials were performed on four samples. 

2.2.4 X-Rays Diffraction (XRD) 
XRD patterns of neat PLA/PBAT blend and it composite samples were obtained using a 
diffractometer Rigaku Denki Co. Ltd., Multiflex model, CuKa radiation (X = 1.5406 A) at 40 kV 
and 20 mA. With this procedure, the angles (20) of diffraction of all the samples were measured 
from 2° to 50°. 

2.2.4 Afai seed fiber residues Characterization : 

Micrograhphy images were obtained by Scanning Electron Microscopy (SEM) and ash main 
components were determined by wavelength dispersive X-ray fluorescence (WDXRF) using a 
EDX-720 analyzer with vacuum atmosphere, Collimator in 3(mm) and no spin. 

3 RESULTS AND DISCUSSION 

3.1 Differential Scanning Calorimetry DSC): Figure 1 shows the curve of DSC analysis of 
PBAT/PLA blend and acai seed fiber composite. 

Figure 1. DSC analysis of PBAT/PLA blend and agai seed fiber composite. 

267 



From figure 3, it could be inferred that compared with the PBAT/PLA blend the endothermic 
melting enthalpy decreased due to blending with afai seed fiber. The addition of fiber (15% in wt) 
in PBAT/PLA blend leads to obtaining of new material with lower melting enthalpy than original 
blend. The decreases in the melting enthalpy can be attributed to the increase in amorphosity of 
material. The average values of melting enthalpy (AHm) and melting temperature (Tm) of the 
materials studied are given in Table 1. It indicated that blending PBAT with PLA, followed by 
biodegradable fiber addition caused structural changes in the polymeric chains of blend 
component. It means that blend processing and fiber addition had disarranged the polymeric 
molecules presents in order to obtain a composite material with low melting enthalpy and, 
consequently, low crystallinity percentage. 

Table 1. DSC analysis results of materials studied 
Melting Melting Enthalpy 

Materials Temperature (AHmJg-1) 
(Tm, °C) 

PBAT/PLA blend 178.53 137.10 

PBAT/PLA/Açai seed fiber composite 178.03 134.58 

As it can be seen, the melting temperature and enthalpy of blend and composite were lower than 
PBAT /PLA blend indicating little miscibility between the components of the blend and also 
suggesting a poor incorporation and dispersion of acai seed fiber in the final composite. 

3.2 X-ray diffraction (XRD): the XRD results of afai seed fiber residues are shown in Figure 2. 
Results show the presence of crystalline silica, identified by peaks at 20 = 13.8° and 20 = 21.6°. 

2 6 

Figure 2. X-rays diffraction patterns of açai seed fiber residues. 
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X-Rays Diffraction (XRD): the XRD patterns of PBAT/PLA blend and Afai seed fiber composite 
in the range of 20 between 5° to 40° are showed in Figure 3. 

Figure 3. X-rays diffraction patterns of PBAT/PLA Blend and Afai seed fiber composite. 

As It can be seen in Fig. 3, the XRD pattern for PBAT/PLA blend and Afai seed fiber composite 
show characteristic peaks in the range of 20 = 17.05°; that is, the peak corresponding to the 
crystalline blend structure that has disappeared. This indicates that PBAT/PLA chains have 
diffused into the gallery of the fiber and that the fiber has been successfully intercalated in the 
PBAT/PLA matrix leading to the formation of hydrophilic structures. 

3.3 Mechanical tests results 

Figure 4 shows the diagram stress (MPa) X strain (mm/mm) for PBAT/PLA blend and 
PBAT/PLA/afai seed fiber composite. From the stress-strain it can be seen a reduction in tensile 
properties of PBAT/PLA blend due to acai seed fiber addition. 
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Figure 4. Diagram Stress (MPa) X Strain (mm/mm) for PBAT/PLA blend and acai seed fiber composite. 

The Table 3 presents the results of mechanical tests of PBAT/PLA blend and PBAT/PLA/afai 
composite. The results presented show the average values calculated from data obtained in 
tests for five test specimens. This results showed that the addition of afai seed fiber in PBAT/PLA 
blend not improved the mechanical properties of it. 

Table 3. Mechanical tests results of PBAT/PLA blend and it composite 

Properties PBAT/PLA Blend Afai Seed Fiber 
Composite 

Tensile strength at break 
(MPa) 

Elongation at break 
(%) 

Young's modulus 
(MPa) 

Izod impact 
(J/m) 

26.5 ±1.26 

12,8 ±0.39 

385.4 +0.39 

60.86 ±0.2 

20.95 ±0,13 

15,02 ±0,95 

289.7 +0,4 

29.96 +0.1 

3.4 Scanning Electron Microscopy (SEM): 

SEM micrographs of cryo-fractured surfaces of PBAT/PLA blend and PBAT/PLA/afai seed fiber 
composite are compared in Figure 5 (a). This micrographs of cryo-fractured surfaces blend and 
composite suggest a good interaction between blend and composite. It can not see any porus neither 
fractures. Composite , in Figures 5 (b) presents porus in many parts of samples probably this is the 
reason composite properties decreases. 
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Figure 5. SEM micrographs of cryo-fractured surfaces of PBAT/PLA blend (a) and 
PBAT/PLA/afai seed fiber composite (b) 

4 CONCLUSIONS 

The purpose of this study was to process and evaluate the changes in the mechanical and 
morphological properties of the biodegradable composite due to the incorporation of acai seed 
fiber. 15% of the acai fiber were not enough to get good mechanical properties, but it were resulted 
in important fact because acai seed fiber is a biodegradable and can be used in an other composition 
with better properties. 
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Abstract 

This work aims to incorporate the Bof White Clay, from Boa Vista, Paraiba State, Brazil, as 
natural nanofiller in Ehylene vinyl alcohol copolymer (EVOH) and obtain flexible films. 
Nanocomposite was obtained using a twin-screw extruder, and film formed using a blow 
extruder machine. The flexible film nanocomposite was characterized, by tensile tests, XRD, 
DSC and their properties were evaluated. The results showed a good interaction between the 
clay and the EVOH resulting in an increase of properties of films nanocomposites as compared 
to films neat polymer. 

1. Introduction 

In nanotechnology, polymer matrix based nanocomposites have generated a significant 
attention in the recent literature. The achieved results were, at least initially, viewed as 
unexpected ("nano-effect") offering improved properties over that expected from predictions. 
More recent results have, however, indicated that while the property profile is interesting, the 
clay-based nanocomposites often obey continuum mechanics predictions. There are situations 
where nanocomposites can exhibit properties not expected with larger scale particulate 
reinforcements [1], However, a large increase in the amount of the clay addition can causes an 
inadequate dispersion with negative effects on the optical and mechanical properties [2], 

Nanotechnology is the ability to work on a scale of about 1-100 nm in order to understand, 
create, characterize and use material structures, devices and systems with new properties 
derived from their nanostructures [3], Because of their size, nanoparticles have proportionally 
larger surface area and consequently more surface atoms than their micro scale counterpart [4], 
Polymer clay nanocomposites are, normally, obtained through the dispersion of clays 
chemically modified, within a polymer matrix either by in situ polymerization, melt 
intercalation or solution casting, where polymer chains diffuse into the space between the clay 
layers or galleries, followed by clay exfoliation [5,6], 

The clays most commonly used to obtain nanocomposites are the ones from the smectite group, 
particularly the montmorillonite, smectite clay that consists of octahedral aluminate sheet 
sandwiched between two tetrahedral silicate layers [7]. Bentonites are defined as a sedimentary 
rock consisting of a large portion of expandable clay minerals with three-layer structures 
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(smectites) such as montmorillonites (80%), beidellite nontronite, etc. with minor amounts of 
non-clay minerals such as quartz, calcite, dolomite and feldspar [8], Usually, in order to use 
the smectite clays in nanocomposites, the metallic cations are substituted by quaternary 
ammonium or other heteroatom organic salts. The method used to exchange the metallic 
cations by organics ones has a strong influence on the structure of the resultant Organoclay [5], 
The great interest in organoclays and the large source of smectite clays in the Brazilian territory 
provides a great opportunity for developing organoclays in Brazil. However, in spite of the 
large number of works about polymer matrix/clay nanocomposites, only few works relate the 
use of organoclays of Brazilian origin [5, 9], 

Ethylene Vinyl Alcohol Copolymers (EVOH) are semicrystalline materials regardless of vinyl 
alcohol (VOH) content. They are prepared commercially by transesterification (saponification) 
of Ethylene-vinyl acetate copolymers (EVA) [10], It has one of the lowest oxygen permeability 
reported among polymers commonly used in packaging is the most important polymer with 
excellent barrier properties and have found extensive applications in food packaging [11, 121. 
EVOH presents excellent chemical resistance, high transparency as well as excellent gas barrier 
properties to oxygen, organic solvents, and food aromas, show thermal stability and 
harmlessness toward health [13, 14]. Such properties are caused by strong hydrogen bond 
interactions, both inter and intra-molecular, which reduce the free volume of the polymer 
chains [15]. A major disadvantage of EVOH copolymers is that they lose oxygen barrier 
properties, stiffness or tensile strength due to water absorption in humid conditions, this 
happens due hygroscopicity of EVOH, as a consequence of the hydrophilic OH side groups 
and their interaction with the absorbed water molecules weakens the inter- and intra-molecular 
hydrogen bonds, increasing the free volume of the chains [10, 16- 18]. To overcome these 
problems and improve the physical properties of EVOH, some authors suggested a melt-
blending process for preparation of nanocomposites. Polymers can be reinforced with inorganic 
fillers such as clay because they exhibit enhanced thermal stability, mechanical strength, 
chemical resistance, UV resistance [16,19,20], The aim of this study is to analyze the structural 
modifications of the EVOH/ Clay nanocomposite extruded twin-screw and investigates their 
mechanical and morphological properties. 

2. Materials and methods 

2.1. Materials 

The materials used in this study were Ethylene vinyl alcohol copolymer (EVOH) with 32 % 
mol/ ethylene content and 3% of natural Brazilian bentonite Bofe white clay from Boa Vista / 
PB, Brazil. 

2.2. Preparation ofNanoclay 

The bofe white clay extracted from nature presents calcic character (Ca2+) then undergoes 
processes for its modification. The first step consists in dispersing the clay in deionized water 
under constant stirring for 30 min. The second phase is to turn it into sodium clay by adding 
sodium carbonate (Na2C03) and keeping under constant stirring for lh, so there is exchange of 
Ca2+ by Na+ in the interlayer spaces of the clay. After this time, add quaternary ammonium salt 
and keep stirring for another 30 min. The organoclay is then filtered, washed with deionized 
water and dried at 60 °C for 48h, according to the methodology [21, 22], After this time the 
clay is sieved and characterized by XRD to verify the interlayer distance obtained after the 
process, compared with the XRD clay before modification. 
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2.3. Preparation of nanocomposite 

The pellets of EVOH were dried at 130 ± 5 °C for 4h. The nanoclay (3%) was dried at 60 °C 
for 12h. The nanocomposite was prepared by melting extrusion process, using a twin-screw 
extruder Haake Rheomex P332 operating in the L/D 3:1.33 rate. The temperature profile was 
173/ 175/ 178/ 180/ 185/ 185 °C. Screw speed was 50 rpm. The extrudates coming out of the 
extruder were cooled down for a better dimensional stability, pelletized by a pelletizer, dried 
again and fed into blow extrusion to obtain the film samples. The temperature profile of blow 
extrusion was 195/ 198/ 210/ 215/ 215/ 220 °C and screw speed was 20 rpm. 

2.4. Analyses 

Mechanical tests: Tensile tests were determined using an INSTRON Testing Machine model 
5564, according to ASTM D 882-91 in order to evaluate the mechanical behavior of the 
materials studied. Each value obtained represented the average of five samples. 

X-rays diffraction (XRD): XRD is most commonly used to probe the nanocomposites structure 
and occasionally to study the kinetics of the polymer melt intercalation owing to its ease and 
availability. XRD, in this study was used to evaluate the modification of bentonite bof white 
clay and the intercalation in the EVOH matrix. XRD patterns were recorded on a Simens -
D5000 diffractometer operated at 40 kV and 40 mA, with CuKa radiation (X = 15.4 A). 

Differential scanning calorimetry (DSC): analyses were carried out using a Mettler Toledo 
DSC 822e from 25 to 250°C at a heating rate of 10 °C/min under nitrogen atmosphere (50 
ml/min). DSC analyses of the materials were performed on four samples of the irradiated and 
non-irradiated materials. 

3. Results and Discussion 

3.1. Mechanical tests results 

The mechanical tests of neat EVOH and EVOH/Clay nanocomposite flexible films were 
carried out in the longitudinal direction and the results are summarized in Table 1. These results 
shown the average values calculated from the data obtained in tests, with standard deviations 
less than 10 % for all tests. 

Table 1. Mechanical Tests results 
Test EVOH EVOH/So/e White Clay Variation (%) 

Tensile strength at break 
(MPa) 6.43 16.65 160 

Elongation at break (%) 47.18 16,2 -66 

Young's Modulus 
(MPa) 367.38 314,82 - 14 

Figure 1 shows the diagram stress against strain for neat EVOH and EVOH/Clay. From of this 
Figure it is possible observe that the addition of modified Bofe white clay makes the EVOH 
more ductile than neat EVOH, this is evident from the elongation at break has been reduced 
values of the nanocomposite. In addition, the important properties for films, tensile strength, 
has a significant increase. These changes should be associated with the good interfacial 
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adhesion between the matrix and Bofe white Clay. As it can be seen, the Yong's Modulus has 
been reduced (of around 14 %). 

Figure 1. Diagram Stress (MPa) X Strain (mm/mm) for neat EVOH and EVOFl/Clay 
nanocomposite 

3.2. X-rays diffraction (XRD) 

The XRD patterns of natural bentonite Bofe white clay and after be modified by quaternary 
ammonium salt in the range of 20 between 2° to 10° are showed in Figure 2. 

Figure 2. XRD patterns of natural Bofe white clay and after modification with quaternary 
ammonium salt. 

The results shows that the natural Bofe white clay presented an interlayer distance (dOOl) of 
1.55 nm in the range of 20 = 6.0°, and after modification the interlayer distance increased to 
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(dOOl) of 2.17 nm in the range of 20 = 4.11°. This increase confirms the major intercalation of 
the quaternary ammonium cation in the interlamellar spacing of the bentonite Bofe white clay 
took place. These results are also consistent with others clays results [23], 

The XRD patterns of EVOH/Bofe white clay nanocomposite are showed in Figure 3. It can be 
seen that the XRD spectrum of EVOFPBofe white clay nanocomposite not presented the 
characteristic organoclay peaks in the range of 20 = 4.11° corresponding to the basal spacing 
of modified Bofe white clay. This indicates that EVOH chains have diffused into the gallery 
of the clay and that the clay has been successfully intercalated in the matrix. 

20 

Figure 3. XRD patterns of EVOH/Bofe white clay nanocomposite 

3.3. Differential Scanning Calorimetry (DSC) 

The Table 2 shows the DSC analysis results for neat EVOH and EVOH/Bofe white clay 
nanocomposite. No significant differences in the melting temperature of the nanocomposite in 
comparison with neat material were observed. However, there were changes in melting 
enthalpy, which means more energy needed to start the fusion process in the composite. It 
means that the EVOH/CLAY nanocomposite formation contributed to a material with enhanced 
structural properties. The DSC curves of materials are presented in Figure 4. 

Table 2. DSC analysis results of materials studied 

Materials 
Melting Temperature 

(Tm, °C) 
Melting Enthalpy 

(AHm,Jg_1) 
Neat EVOH 

EVOH Bofe White Clay 

180.62 

181.86 

214.53 

258.24 
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Figure 4. DSC analysis results of neat EVOH and EVOH/CLAY nanocomposite. 

4. Conclusion 

The search shows that the Brazilian Clay, Bofe White organofilic, promotes significant 
modifications in the EVOH main properties, typical and expected in a nanocomposite and the 
material synthesis technique was successful. Results showed that incorporation of 3 % (wt %) 
of Bofe white clay in the matrix of EVOH, resulted in a gain of mechanical properties of the 
film. The peaks of DSC analysis indicated that addition of Bofe white clay in the EVOH caused 
structural changes in the polymeric chains of EVOH component and leads to obtain a 
composite material with major melting enthalpy and, consequently, major crystallinity 
percentage. The superior mechanical properties of EVOH/Clay nanocomposite observed in this 
study can be attributed to the stiffness of Brazilian bentonite Bofe white clay, reinforcing 
effects, to the degree of the intercalation and good dispersion of the clay layers in the matrix. 
This result indicates that EVOH chains have diffused into the gallery of the clay and the clay 
has been successfully intercalated in the EVOH matrix leading to obtain flexible films with 
improved tensile strength and Young's modulus properties when compared with the flexible 
film prepared from neat EVOH. 
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Abstract 

Ornamental compound stone are produced by industry for decades, however, few published 
studies describe these materials. Brazil has many deposits of stone wastes and a big potential to 
produce these materials. This work aims to evaluate the chemical resistance of ornamental 
compound stones produced with marble waste and unsaturated polyester. An adaptation of 
Annex H of ABNT NBR 13818:97 standard, with reagents commonly used in household 
products, was used. The results were compared with those obtained for natural stone used in 
composite production. 

Introduction 

Brazil import in 2013 nearby 50,000 ton of Ornamental Compound Stone [1] and has many 
deposits of stone wastes, with demand and many deposits of mineral loads, Brazil presents a big 
potential to produce these materials. Ornamental compound stone (OCS) are produced by 
industry for decades, however, few published studies describes these materials, besides, these 
studies treat just of mechanical and physical properties of OCS [2,3,4,5,6,7], Physical and 
mechanical properties are very important to specify OCS application, however, know the 
behavior of the material on the use conditions is critical to its correct specification. 

In the present work, two compositions of ornamental compound stone (OCS) were produced and 
compared on their physical behavior and your chemical resistance. Chemical reagents commonly 
used in household products, were used. The results were compared with those obtained for 
natural stone used in composite production. 

Materials and methods 

Marble Residue 

The residue of "Calcita" natural marble (NM), from Polita company, located in Cachoeiro de 
Itapemirim, ES, Brazil, was used in this study. Scraps of plates were collected in a discarding 
pile. After the material collection, the residue was crushed using a jaw crusher, such that 
particles could pass through a 2 mm sieve. Crushed residue was separated in three granulometric 
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ranges using dry sieving. The coarse particles are in range 0.710 - 2.000 mm, medium particles 
are in range 0.063 - 0.710 mm, and the fine particles are less than 0.063 mm. 

Unsaturated Polyester 

An orthophthalic unsaturated polyester (UPR) resin with a medium viscosity was used to 
formulate all composites. As initiator 1 wt% of a methyl ethyl ketone peroxide (MEKP) was 
used. 

Fabrication of slabs from residue 

For determine mechanical and physical properties, two material specimens were cast (Table I). 
The particles percentage range was chosen based in simplex mixture design for marble particles 
presented for Ribeiro and coworkers [2,8] 

Table I. Test specimens 

Specimen Coarse Medium Fine UPR Specimen 
(%") (%") (%") (%") 

OCS 15 45 30 25 15 
OCS 20 45 30 25 20 

a Percentages by weight of mineral load (coarse + medium + fine) 
b Percentages by weight of material (mineral load + unsaturated polyester) 

Particles, that were previously crushed and classified, were dried, weighed and putted in a 
vacuum planetary mixer (100 mmHg). Dry particles are a necessary step because water may 
reduce the cure process efficiency related to adhesion between the composite components [9], 
The unsaturated polyester was introduced into the mixer by vacuum suction. After marble waste 
and resin mixed, the mass was vacuum transferred to mold (100 x 100 mm), and the mold was 
vibrated to spread the mass. After vibration, the mold was uncoupled from mixer and hot 
vacuum pressed for 20 minutes at 90°C and 1 MPa. 

Density, water absorption and apparent porosity 

Density water absorption and apparent porosity, from OCS15, OCS 20 and NM were 
determined. Twelve cubic specimens of each material were dried and immersed in water. Dried, 
suspended in water and saturated mass of specimens were determinate. The times of immersion 
and used equations are reported in ABNT NBR 15845:2010 [10], 

Chemical resistance 

An adaptation of Annex H of ABNT NBR 13818:1997 [11] standard, with reagents commonly 
used in household products, was used. OCS15, OCS 20 and NM were evaluated. Five specimens 
of each OCS and one specimen of NM were tested for each used reagent. Test specimens were 
cut with 70 x 25 x 10 mm. The used chemical reagents, concentrations and exposure times are 
presented in Table IF 

After chemical exposition, the specimens were washed with hot water for 30 minutes. Were 
evaluated relative weight losses (WL), relative gloss losses (GL) and superficial alterations. 
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Table II. Chemical reagents, concentrations and exposure times 
Chemical reagent Concentration Exposure time (h) 

NH4CI 100 g/1 24 
NaCIO 20 mg/1 24 
C6H8O7 100 g/1 24 
KOH 30 g/1 96 
HCl 3% v/v 96 

Results and discussion 

Density, water absorption and apparent porosity 

Values for confidence interval (95%) of density, water absorption and apparent porosity are 
presented in Table III for OCS's and NM. 

Table III. Density, water absorption and apparent porosity for P C S and N M (CI = 95%) 

Specimen Density 
(g/cm3) 

Water Absorption 
(%) 

Apparent Porosity 
(%) 

NM 2,79 + 0,03 0,11 + 0,01 0,32 + 0,03 
OCS 15 2,35 + 0,01 0,39 + 0,10 0,93 + 0,23 
OCS 20 2,26 + 0,00 0,17 + 0,02 0,39 + 0,05 

Table III show that OCS 20 presents a lower density, and an apparent porosity near to NM. This 
is an advantage, representing less weight in buildings. On the other hand, OCS 15 presents a 
greater apparent porosity, circa of two times higher than presented by OCS 20, implying in a 
biggest superficial area susceptible to chemical attack. 

Chemical resistance 

Table IV presents relative weight and gloss losses for NM, OCS 15 and OCS 20. In general, acid 
chemical reagents (NH4C1, C6H807 and HC1) promoted a higher degradation of evaluated 
materials, with greater losses of weight and gloss, when compared with alkaline chemical 
reagents (KOH and NaCIO). Moreover, N M presents a higher degradation level, with greater 
weight loss when compared with OCS, pointing to N M as weaker portion of OCS. 

Table IV. Relative weight and gloss losses for NM, P C S 15 and OCS 20 
N M O C S 15 O C S 20 

W L ( % ) G L ( % ) W L ( % ) GL ( % ) W L (%) GL ( % ) 
NH4CI 0.37 100 0.16 61 0.10 65 
NaCIO 0.22 18 0.08 13 0.04 17 
C6H8O7 3.59 96 1.21 81 1.06 85 

K O H 0.74 25 0.48 19 0.13 28 
HCl 1.56 74 1.55 72 1.22 64 

Comparing OCS 15 and OCS 20, we observed that OCS 15 presents greater weight losses than 
presented by OCS 20, although, gloss losses were slightly greater in OCS 20. The greater weight 
loss in OCS 15 is associated, in part, with your greater porosity (Table III) that promotes a 
greater area to the chemical attack. Moreover, the greater weight losses presented by OCS 15 are 
associated mainly with your greater content of marble particles. The marble is a carbonate stone, 
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with alkaline behavior, highly susceptible to acids attacks, so a greater content of this constituent 
promotes greater weight losses in acids attacks. 

Figure 1 presents attacked surfaces with acids reagents, and Figure 2 presents attacked surfaces 
with alkaline reagents, for OCS 15 and OCS 20, observed with SEM. 

Figure 1. Attacked surface by acids chemical reagents (SEM - 1000 x). (a) OCS 15 -NH4CI (b) 
OCS 15 - C6H807 (c) OCS 15 - HC1 (d) OCS 20 - NH4CI (e) OCS 20 - C6Hg07 (f) OCS 20 -
HC1 

Figure 1 presents how OCS 15 (a,b,c) is more attacked than OCS 20 (d,e,f), in all cases we see 
that specimens of OCS 15 presents most deep holes caused by chemical attacks when compared 
with specimens of OCS 20 submitted at same treatment. 

For the specimens attacked with alkaline reagents, were observed a most superficial attack, but, 
until in this case, the marble particles were the most participative component in weight loss, what 
is represented by a greater weight loss in OCS 15 when compared with OCS 20, Figure 2 show 
that the regions around the particles are the most attacked regions. Moreover smaller gloss 
losses, shows us like most soft are the chemical attack caused by alkaline reagents in the OCSs. 

We found publications with evaluations of chemical attacks in ornamental stones and one 
publication evaluating the chemical attacks in a polymer concrete, a composite with composition 
similar to OCS, but all cases are not comparables with this study. 

Santos and Caranassios [12] studied alterations in a Tycoon Blue granite, with the same reagents 
used in this study and gloss losses evaluation, however, the granite presents chemical and 
mineralogical composition much different of marbles, granites are siliceous rocks, with acid 
behavior, while marbles, are calcareous rocks, with alkaline behavior, what in chemical attacks 
makes a great difference. In the same way, Silva, Godoy and Araujo [13] and Bolonini and 
Godoy [14] makes similar evaluations in your studies, but always with granitic stones. Gorninski 
and coworkers [15, 16] studied alterations in a polymer concrete produced with a polymeric resin 
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and stone particles, however, other chemical reagents were used, so the results are not 
comparables. 

Figure 2. Attacked surface by alkaline chemical reagents (SEM - 1000 x). (a) OCS 15 - N a C I O 
(b) OCS 20 - NaCIO (c) OCS 15 - KOH (d) OCS 20 - KOH 

Conclusion 

The studied ornamental compound stones presents a chemical resistance greater than natural 
stone used in your production. Additionally, we observe that greater content of polymer 
promotes a higher chemical resistance to OCS, like illustrated by the lower weight losses in OCS 
20 when compared with OCS 15. 

In function of chemical nature of used stone particles, the acids reagents promoted a greater 
degradation of material structure, while alkaline reagents, promote a lower degradation, so the 
use of acids cleaners, in OCS's cleaning, is not recommended. 

Thus, the use of ornamental compound stones, produced with marble particles, in kitchen 
countertops should be careful, and applications in toilets, bathrooms and wall coverings should 
be preferred. 
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Abstract 

Feldspar from Matari, Nigeria was analyzed using SEM, XRD and XRF techniques for micro-
structural analysis, mineral phase analysis and chemical composition analysis respectively. 
Qualitative and quantitative XRD analyses revealed the presence of microcline 59.6%, albite 
34.7% and quartz 5.71%. The XRF results showed that the feldspar contains 67.32% Si02 , 
17.54% A1203, 11.33% K 2 0 , 2.75% Na 20, 0.12% CaO, 0.01% MgO, 0.02% Mn0 2 , 0.10% 
Fe203 , 0.00% Ti20, etc and 0.14% LOI. SEM/EDX analysis shows the presence of microcline 
feldspar as the dominant phase, exhibiting lamellar twinning. The XRD has also revealed that 
potash has the highest peak, indicating its high concentration. The 0.10% Fe203 present is within 
the permissible level (0.1-0.3%) for glass making and also within the potash feldspar 
specifications (0.17%). The Matari feldspar is a microcline type, rich in potash, alumina and 
silica, enabling it meet the standard specifications for alumino-silicate glass. 

Introduction 

Feldspars are the most abundant groups of rock- forming minerals that make up 60 % of the 
earth's crust, and all the rock-forming feldspars are alumino-silicate minerals that contain 
varying proportions of potassium, sodium or calcium and they are the most abundant minerals of 
the igneous rock [1], The common feldspars are potash feldspar namely orthoclase 
(K20.Al203 .6Si02), meaning straight fracture, and a variety of crossed, hatched, twinned 
orthoclase known as microcline (K20.Al203 .6Si02) also known as "small incline", soda feldspar 
is called albite (Na20.Al203 .6Si02) and lime feldspar is anorthite (Ca0.Al203 .2Si02) or 
plagioclase known as "oblique fracture" [2], 

These three feldspar groups are named on the basis of Na, K and Ca content in each case. Potash 
feldspar and soda feldspar occur as major constituents of such common igneous rocks as 
pegmatite, granite, syenite and feldspar porphyry among others [3], These feldspars crystallize 
from magma as intrusive and extrusive igneous rocks as veins and are also present in many types 
of metamorphic and sedimentary rocks. Plagioclase feldspars lack potassium, they are light 
colour and are usually striated but potash feldspars are microcline and orthoclase. Although, 
orthoclase is more common of the potash feldspars, it exhibits striations occasionally on cleavage 
surfaces while microcline demonstrates lamellar twinning as its common feature. Between 
400°C and less, microcline is the stable structure for potash feldspar (K20.Al203 .6Si02), also 
between 500°C and 900°C, orthoclase is stable structure. The key difference between the 
structures is only the randomness of the aluminium and silicon atoms, because, in microcline, the 
ions are ordered and this produces the lower symmetry of triclinic. At high temperatures, the 
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positions of the aluminium and silicon become more disordered and produce the monoclinic 
symmetry of orthoclase [4], 

Commercially, the most important members of the feldspar family are the potash feldspars 
(orthoclase and microcline) and soda feldspar (albite). 35 % of the World feldspar production is 
used in glass industry, 60% in ceramic industry and 5% in rubber, paint, plastic, welding 
electrode as filling material [5], The total feldspar reserve of the World is 1.740xl06 metric tons 
and the bulk of this reserve is found in Asia. Turkey has a reserve of 14% of the World feldspar 
reserves and it has the largest sodium feldspar reserves among other countries in the World [6], 
In 2010, about 20 million tons of feldspars were produced mostly from three countries; Italy (4.7 
Mt), Turkey (4.5 Mt) and China (2.0 Mt) [7], 

In the glass industry, feldspar is used in varying proportions containing 10 to 15% of the batch 
and it is valued for two purposes, it acts as a fluxing material which prompts faster melting and 
fuel savings and the alumina content provides the resistance to thermal shock. It also improves 
mechanical properties, thermal durability and prevents devitrification [8], However, in the 
manufacture of high- quality colourless glass, feldspar should have a maximum of 0.1% Fe203> 

although up to 0.03% is acceptable. The presence of iron oxide in the batch composition is very 
detrimental because its presence even in minute quantity tends to colour the glass. 

Only alkali containing feldspars, potassium and sodium feldspars are used in the glass industry. 
Potash feldspar gives the product a higher viscosity, higher strength and greater transparency 
compared with sodium feldspar. The aim of the present work deals with the characterization of 
Matari feldspar deposit in order to determine its suitability for glass making. Matari is in Soba 
Local Government Area of Kaduna State, Nigeira and the feldspar deposit occurs in an 
undulating plain 40 kilometers East from Zaria City. 

Materials and Methods 

The feldspar utilized for this research was collected from Matari in Soba Local Government 
Area, some 40 kilometers east from Zaria in Kaduna State, Nigeria. The sample was randomly 
collected and about 10kg of the bulk sample was crushed to desired particle size distribution and 
then a small portion of the sample was taken from the milled material by coning and quartering 
technique for various analyses. The samples were subjected to various characterization 
techniques to determine their chemical composition, crystalline pattern and microstructural 
configuration, using Xray Flourescence (XRF), Xray Diffraction (XRD) and Scanning Electron 
Mcroscopy (SEM)/Energy Dispersive Xray spectroscopy (EDX), respectively. Loss on Ignition 
(LOI) was also determined by drying the sampe at 100°C and then roasting it at 1000°C . 

The sample was analyzed for silica, lime, and oxides of sodium, potassium, magnesium, 
phosphorus, manganese, titanium, iron, copper, chromium, nickel, zirconium, vanadium among 
others. Identification of crystalline phases was carried out by XRD using a back loading 
technique. Scanning Electron Mcroscopy equipped with an energy dispersive spectrometer 
(FESEM/EDS) model number JEOL JSM 7500F was used to examine the microstructure. 
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Results and Discussion 

Chemical Analysis 

The chemical composition of the representative sample of the Matari feldspar deposit is 
composed of 11.33wt % K2O (Table I) which falls within the range of 10-15wt % for potash 
feldspar needed in the glass industry as potash feldspar tends the melt to clear glass [9], The 
potash content of Matari feldspar is higher than Richifa feldspar [10] and Turkish Manisa 
Demirci [11] as each contains 8.95% and 5.94% potash respectively. 

Apart from the high percentage of potash, it was detected that the sample is composed of 0. lwt 
% of Fe203 content which is an unwanted impurity due to its colouring properties. However, in 
the manufacture of high-class, colourless glass, feldspars should have a maximum of 0.1% Fe203 

although up to 0.3% is permissible [12]. For this reason, Matari feldspar deposit has met the 
common feldspar specifications and the requirement for the production of high quality colourless 
glass due to its low iron oxide content. In addition, Matari feldspar deposit has high potash 
content which allows it to be suitable for glass making because the high concentration of alkali 
(potash) in the feldspar makes it a very good fluxing agent for fast melting and energy saving. 

Table I: Chemical Composition 
OXIDE Wt.% 
Si02 67.32 
Ti02 0.00 
AI2O3 17.54 
Fe203 0.10 
MnO 0.02 
MgO 0.01 
CaO 0.12 
Na 2 0 2.75 
K2O 11.33 
P2O5 0.35 
Cr203 0.01 
NiO 0.01 
v 2 o 5 0.01 
Zr02 0.01 
CuO 0.01 
LOI 0.14 
TOTAL 99.69 

Crystalline Pattern and Micro-structural Configuration 

The qualitative and quantitative XRD analysis result in table 2 has revealed that microcline is the 
major mineral followed by albite and then quartz. The percentage of microcline in the feldspar is 
59.6%, albite is 34.7% and quartz accounting for the remaining 5.71% (Table 2). Figure 1 
indicates that potash has the highest peak showing the presence of potash in high concentration 
with a near zero percentage of iron oxide. 
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The SEM analysis given in figures 2 and 3 revealed the presence of microcline feldspar 
characterized by simple lamellar twinning and SEM/EDX analysis in figure 4 further reveals the 
major elemental composition of the Matari feldspar. 

Table II: Quantitative XRD Analysis of the Matari Felds 
Wt% 

Mcroline 59.6 
Albite 34.7 
Quartz 5.71 

Figure 1: Qualitative XRD Analysis of the Matari Feldspar Sample 
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Figure 2: Matari mieroline feldspar at 10,000 magnifications showing 
lamellar pattern 

Figure 3:Matari microcline feldspar at 40,000 magnifications showing 
simple lamellar twinning. 
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Figure 4: SEM/EDX Analysis of the Matari Feldspar 

Conclusion 

The result of the study has revealed that Matari feldspar is suitable for making a wide variety of 
commercial glass because the feldspar is rich in potash and potash is an excellent fluxing agent 
which reduces energy and of course the production cost. In addition, the feldspar has a near zero 
or low percentage of iron oxide 0.1% that promotes production of high class colourless glass. 
The feldspar deposit has high percentages of silica and alumina content 67.32% and 17.54% 
respectively. Therefore, Matari feldspar deposit is a good source of potash, alumina and silica for 
making alumino silicate glasses. 
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Abstract 

The microwave power absorption characteristics of iron oxides, including Fe203 , Fe304 and 
Fe0.925O, have been studied by determining dielectric loss and magnetic loss distributions in 
0.05-m-thick oxide slabs irradiated with 1.2-kW, 2.45-GHz microwaves. The results reveal that 
the dielectric loss is the main factor contributing to microwave absorption in Fe203 and Feo.^O, 
while the magnetic loss dominates the power absorption in Fe304 below its Curie point. Uneven 
power distributions are observed in the slabs and this phenomenon becomes even worse at high 
temperatures at which the permittivity increases significantly. Quantification of power 
absorption in the oxides is of great importance for efficient and uniform microwave heating. 

Introduction 

Microwave energy is widely employed in the synthesis and processing of numerous materials 
including iron oxides [1-3]. Many distinguishing advantages of microwave heating of materials, 
such as rapid and selective heating, high productivity and "green" processing with significant 
energy reduction, have been demonstrated. These interesting features are associated with 
microwave power absorption and heat transfer in the materials [4], The power absorption is 
attributed to both dielectric loss and/or magnetic loss of the material, whereas the heat transfer 
relies on many factors, such as microwave frequency, power, and sample size. Although 
microwaves heat materials volumetrically which significantly improves the heat transfer to the 
interior of a sample, selecting an appropriate sample size is still important [5,6], To obtain a 
suitable size, microwave power absorption characteristics, usually in terms of dielectric and 
magnetic losses distributions, must be determined. This is extremely important for large-scale 
microwave heating of materials which has a strict requirement for microwave power absorption 
and temperature uniformity. A proper sample size will not only eliminate the possibility of 
uneven heating but also prevent thermal runaway due to temperature sudden rise during the 
process. In this regard, a detailed study on the power absorption characteristics of the material is 
the starting point of optimizing the microwave heating process. 

Iron oxides, including Fe203 and Fe304 , are primary materials for ironmaking and steelmaking. 
Some oxides, such as FexO, may also act as important intermediate phases during many relevant 
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metallurgical processes. As microwave-assisted ironmaking and steelmaking is receiving more 
and more attention, the microwave absorption properties (permittivity and permeability) of iron 
oxides have been extensively studied [7-9], With these properties, one may predict the 
microwave heating efficiencies at different stages of iron oxide reduction. It provides an 
opportunity for precise control of the whole process. However, it should be pointed out that the 
use of microwave energy in ferrous metallurgy is far from satisfactory. This is to a large extent 
caused by lack of knowledge of microwave power absorption characteristics of iron oxides. 

The purpose of this work is to study the characteristics of microwave power absorption in iron 
oxides during microwave heating. The sample size (slab thickness) dependence of power 
absorption in Fe203 , Fe304 and Feo.9250 is investigated by determining dielectric loss and 
magnetic loss distributions in 0.05-m-thick oxide slabs irradiated with 1.2-kW, 2.45-GHz 
microwaves using the simplified loss equations. Through determination of the power distribution 
characteristics, optimal size of the oxides at various stages of microwave heating can be 
obtained, offering a useful guide for improving heating uniformity and energy efficiency. 

Theory 

Microwave power absorption in a material during microwave heating includes the contribution 
of dielectric loss and magnetic loss, which depends on the distribution of microwave electric and 
magnetic fields. Assuming that the microwaves are uniform plane waves incident from air to a 
material slab with a thickness of L propagating in the z direction (Figure 1), the contribution of 
dielectric loss QE to the power absorption per unit volume (W m"3) can be determined by 
Poynting vector. 

Incident microwaves Transmitted microwaves 

Air Slab Air 

0 L 

Reflected microwaves 

Figure 1. Schematic of a material slab with microwaves incident on the left face. 

The equation for determining QEV& microwave heating is given as [10] 

1 ,2M2 e2"z-2\R\e2"lcos(2ßL-2ßz-S)+\R\ (\ I I l i I l i C. .¿. Li V C. H / O I L / J j L_J ¿a IX I U II C- C. 

z) = -meae," £„ 7T u = ^ - (1) ' 2 0 ' 1 01 1 1 \-2\R\e-2aLcoS(2ßL-2S)+\R\e-iaL K } 

where <x> is the angular frequency, so is the permeability of free space (8.854xl0"12 F m"1), er" is 
the imaginary part of complex relative permittivity of the material (relative dielectric loss factor), 
E0 is the incident microwave electric field strength, T and R are the transmission and reflection 
coefficients at the interface between free space and the medium, respectively, 5 is the phase 
angle of reflection coefficient, and a and fS are the field attenuation factor and phase constant 
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depending on the permittivity, permeability and microwave wavelength in free space, 
respectively. The contribution of magnetic loss QH to the power absorption in materials with 
non-zero magnetic susceptibility per unit volume (W m"3) can also be determined by Poynting 
vector. It is given as [11] 

t 2 Mr I I 1 - 2 e"laLcos (2 PL - 2S) + \R\ e~4aI ( J 

where ¡x0 is the permeability of free space (4k xlO"7 H m"1), fir" is the imaginary part complex 
relative permeability of the material (relative magnetic loss factor), and 77 is the characteristic 
impendence of the material. 

Results and Discussion 

As indicated by eqs. (1) and (2), the dielectric and magnetic losses of Fe203 , Fe304 and Feo.9250 
depend on their permittivities and permeabilities. These properties were measured using the 
cavity perturbation technique [12-14] and used for calculation of loss distributions in the given 
oxide slabs in this study. 

Dielectric and Magnetic Losses Distributions in Fe9Q3 

As mentioned above, both dielectric and magnetic losses contribute to microwave heating. 
Because Fe203 is one of main materials for ironmaking, the dielectric loss and magnetic loss 
distributions in a 0.05-m-thick ferric oxide slab at various temperatures (24, 296, 591, 982 °C) 
with 1,2-kW, 2.45-GHz microwaves was determined. The results are shown in Figures 2 and 3. 

Figure 2. Dielectric loss distributions in the 0.05-m-thick Fe203 slabs irradiated with 1.2-kW, 
2.45-GHz microwaves. 
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Figure 3. Magnetic loss distributions in the 0.05-m-thick Fe2C>3 slabs irradiated with 1.2-kW, 
2.45-GFIz microwaves (some curves are overlapped). 

A comparison between dielectric loss and magnetic loss distributions in Fe203 indicates that the 
dielectric loss of Fe203 is much larger than the magnetic loss of Fe203 . This trend becomes more 
apparent as temperature increases. Therefore, it can be concluded that microwave heating of 
Fe203 is mainly attributed to the dielectric loss of Fe203 . It is also noted that both losses dissipate 
rapidly with increasing slab size, especially in the range of z less than 0.01 m. The fluctuations in 
both losses distributions are attributed to the characteristics of sinusoidal waveforms. 

Dielectric and Magnetic Losses Distributions in Fe3Q4 

Due to the strong magnetism of Fe304 , it is expected that the magnetic loss of Fe304 plays an 
important role in microwave heating. For this reason, a comparison between dielectric loss and 
magnetic loss of Fe304 was performed. The results are shown in Figures 4 and 5. It is obvious 
that magnetic loss contributes more than dielectric loss to microwave heating of Fe304 at low 
temperatures (e.g., 24 °C). However, as temperature goes up to the Curie point of Fe304 , 
magnetic loss decreases considerably to nearly 0. Temperature increase in the sample is mainly 
ascribed to microwave dielectric loss beyond 600 °C. It can be seen that both losses dissipate 
significantly in the range of z smaller than 0.005 m. This observation agrees well with the fact 
that the Fe304 heats much faster than Fe203 under microwave irradiation. 
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Figure 4. Dielectric loss distributions in the 0.05-m-thick Fe3C>4 slabs irradiated with 1.2-kW, 
2.45-GFIz microwaves. 

Figure 5. Magnetic loss distributions in the 0.05-m-thick Fe3C>4 slabs irradiated with 1.2-kW, 
2.45-GFlz microwaves. 
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Dielectric Loss Distribution in Fen 975O 

Fe0.925O is an important intermediate phase formed at approximately 600 °C during iron oxide 
reduction. Considering the non-magnetism of Feo.9250, only dielectric loss under the same 
conditions mentioned above is considered. The results are shown in Figure 6. Note that the 
temperatures selected for loss calculations are 24, 646, 842 and 1085 °C because Feo.9250 tends 
to decompose (4Fe0.925O -^0.7Fe304 + Fe) between 200 and 550 °C. It is found that dielectric 
loss ofFe0.925O remains relatively stable above 600 °C due to the slight changes in its dielectric 
properties. Unlike other oxides, the loss distributions in Feo.9250 present clear sinusoidal 
waveforms with increasing value of z. 

Figure 6. Dielectric loss distributions in the 0.05-m-thick Feo.9250 slabs irradiated with 1.2-kW, 2.45-
GHz microwaves. 

Conclusions 

The microwave power absorption characteristics of Fe203 , Fe304 and Feo.9250 have been 
investigated by determining dielectric loss and magnetic loss distributions in 0.05-m-thick oxide 
slabs irradiated with 1.2-kW, 2.45-GHz microwaves. It is demonstrated that the dielectric loss 
plays a major role in microwave absorption in Fe203 and Feo.9250, while the magnetic loss 
dominates the power absorption in Fe304 below its Curie point. Both losses dissipate rapidly in 
the range of z smaller than 0.01 and 0.05 m for Fe203 and Fe304 , respectively. Compared with 
Fe203 and Fe304 , the dielectric loss of Feo.9250 remains relatively stable above 600 °C. Uneven 
dielectric and magnetic losses distributions are observed in the slabs and this phenomenon 
becomes even worse at high temperatures at which the permittivity increases significantly. 
Quantification of power absorption in the oxides is of great importance for optimizing sample 
size, improving microwave heating efficiency and uniformity. 
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Abstract 

A detailed mineralogical and elemental characterization of a lead (Pb) ore deposit from Ishiagu, 
Ebonyi State, Nigeria was carried out with XRD, SEM-EDX, and ICP-OES based 
mappingtechniques. The results show that the most dominant and valuable metal is lead (Pb = 
95.02%, mass fraction). The main mineral is galena. Ilmenite and sphalerite occur as minors, 
which account for 2.71% and 0.80% respectively. Elements like Al, Ca, Mg, Ti, Na, Mn, Si and 
Sn occurred in trace amounts and are disseminated in the entire ore body. The surface and 
interrelations of the crystals were examined with x-ray mapping and the result shows the pattern 
of dissemination of the minerals within the ore body. 
(Keywords: Galena, Mineral, Lead, Characterization) 

Introduction 

Lead (Pb) is the principal metal extracted in the beneficiation of galena. Lead from galena is one 
of the earliest known metals in metallurgy. In Nigeria, lead occurs completely in the form of 
galena, most often in association with other minerals like sphalerite, argentite and heamatite [1], 
Lead deposits in Nigeria are all similar in type and occur in rock of lower cretaceous age 
stretching over 580 kilometers in length in the NE-SW direction from Gwana in Bauchi State to 
Ishiagu in Ebonyi State. This galena ore serves as raw materials for local smelting industries and 
great potentials for foreign exchange [2], Recently, ore characterization studies have provided 
improved and more reliable information on mineralogical composition and microstructure 
(textural) of materials. These studies have become important as they contribute to the 
determination of the ores downstream beneficiation operations. These have also been applied in 
investment education andsteel making, allowing improvements on both existing old and new 
processes. Various techniques have so far been used for ore characterization [3,4], The 
mineralogy and chemistry of saprolitic nickel ores developed on ultramafic rock with different 
serpentinization degree from Soroako Sulawesi has been carried out using x-ray diffraction, 
thermal analybsis, FTIR and ICP-AES techniques [5], We had earlier reported the 
characterization of Kurucassiterite ore using SEM-EDS, XRD and ICP [6], It was observed that 
previous characterization of the cassiterite ore was based on one or two classical instruments, 
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which reported less accurate information about the actual composition of the ore. The combined 
information by the SEM-EDS, ICP-OES and the X- ray diffraction analyses revealed that the ore 
contained different minerals of cassiterite, coffinite, siderophyllite, ilmenite, quartz, rutile, 
manganocolumbite, zircon, tilleyite and monazite. The elemental analysis gave as per the follow: 
Sn (28.0%), Si (5.5%), Fe (5.16%), Ti (3.51%), A1 (2.48%), Y (1.06%), and Nb (2.53%). The 
other trace elements found included Mn, K, Na, Mg, La, Ce, U and Ca. Further information on 
the benefits of ore characterization was given by Rao et al [7], They carried out a detailed study 
of low grade iron ore of Bellary-Hospet sector using microscope, XRD, TG and EPMA 
techniques. Results obtained in these studies have exposed the indispensable role of geochemical 
and mineralogical characterization on the improvement of low-grade ores. Furthermore, iron 
pillar rust, sandstone deposits, industrial raw materials and certain atmospheric aerosols have 
also been characterized by XRD, Fourier transform infrared (FTIR), Mossbauer spectroscopy, 
ICPS and XRF [8, 9, 10, 11, 12]. Tin poly-metallic ore of Mengzi, in Yunnam Province of China 
has been quantitatively characterized through automated electron microscope-based mineral 
mapping. [13]. Today, there is no available information or comprehensive analysis of the Ishiagu 
lead deposit for interested public, investors and miners. This research work utilizes the combined 
information from the various analytical techniques - XRD, ICP-OES, SEM and EDS to fully 
characterize the poly-metallic lead deposit in Ishiagu, Ebonyi State of Nigeria.The objective of 
this work is to elucidate the chemical and mineralogical composition of the lead deposit, for the 
purposes of documentation and research information to miners, mineralogists, and metallurgist. 

Experimental 

The ore sample for this work was collected from the mining site located at Ishiagu in Ebonyi 
State of Nigeria. The sample was dried at 100 0 C for 2 hours, and later crushed.Atypical piece 
was used for scanning electron microscope and energy dispersion spectroscopic studies for the 
mineral distribution [14]. This will allow forthe identificationof areas of special interest in the 
polished cross sections for more investigations.Part of the dried sample was ground to -200 mesh 
for x-ray diffraction and inductive coupled plasma - optical emission studies. Mineralogy was 
determined by collecting a series of x-ray maps showing the distribution of the elements. 

Results and Discussion 

Chemical Component of Ore 

Table 1 shows the result of the elemental analysis of the sample by inductively coupled plasma -
optical emission spectrophotometer. The result indicates Pb metal as the dominant and most 
valuable component while Al, Ca, Mg, Ti, Si, Na and Mn occurred in trace amounts. The result 
of the chemical phase analysis of the ore is shown in table 2. It shows galena as the major ore in 
which the lead metal occurred. The high distribution rate of ninety five (95.02) percent 
confirmed Pb dominance and accounts for the optimum theoretical recovery of lead. 
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Table 1: Elemental analysis of the ore sample by Inductively Coupled Plasma- optical emission 
spectrophotometer, (%). 

Element Si Al Ca Mg Fe Ti Na Mn Pb Zn Ce 
% 
Composition 

0.94 0.07 0.07 0.13 2.68 0.005 0.07 0.19 95.02 0.80 0.02 

Table 2: Chemical phase analysis of the ore 

Phase Mass Fraction, % Distribution Rate, % 
Galena 0.94 95.02 

Ilmenite 0.027 2.71 

Sphalerite 0.008 0.8 

Silicate 0.014 1.44 

Mineral Composition of the Ore 

Figure 1 shows the XRD pattern of the galena sample. From the peaks shown in the x-ray 
pattern, galena (G) was prominent as the major mineral, while sphalerite (S) had few and 
unpronounced peak areas. Mineral of quartz and ilmenite that contains the Si and Fe respectively 
was not detected by XRD. This is attributed to the insignificant amounts in which the occurred in 
the sample. The contents order for the minerals in the ore sample is galena » sphalerite > 
Ilmenite, quartz. 
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Figure 1: XRD analysis of the ore (G = Galena; S = Sphalerite) 

Surface Characterization 

Figure 2 are the pattern of the surfaces of the galena ore under scanning electron microscope 
(SEM). The surfaces are dull black and appeared amorphous with lots of white in reflected light. 
The surface image (A) shows much light reflected from the myriad indicating metallic tiny 
cleavage faces, whilesurface B shows the crystal nature of the galena ore with combination of 
cubic and octahedron structures. Figure 3 is the overall EDX on the crystal showing galena and 
quartz. 

Figure 2: Overlook of the galena ore sample by SEM 
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Figure 3: EDX analysis of Surface Crystal 

Figure 4 is the x-ray surface mappings of the galena ore. The phase map shows the distribution 
of the various elements at the surface. The minerals are unevenly distributed. Lead (Pb) 
dissemination pattern filled along tungsten (W), quartz (Si), sphalerite (Zn), iron (Fe) and 
manganese (Mn). Figure 5 shows the result of the EDX on the included area. It indicated and 
reaffirms the presence of Si, Mn, Fe, W, Zn and Pb. This EDX compliments the XRD analysisas 
some of them were not detected by the XRD. 

Figure 4: X-ray mapping of the galena ore sample (a) Phase map; (b) Si element mapping; (c) S 
element mapping; (d) Mn element mapping; (e) Fe element mapping; (f) Zn element mapping; 

(g) W element mapping; (h) Pb element mapping. 
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Figure 5: EDX analysis of the included area showing Si, Mn, W and Fe 

Point Elemental Distributions 

Figures 6a, 6b, 6c, 6d, are the EDX point analyses of the study area of the galena ore. Figure 6a 
shows Pb only, while at another point in figure 6b shows the presence of Fe, Mn, and Ca with Fe 
having distribution ratio of 84 %. The point at figure 6c shows Si, Mn, Zn, W, and Pb. The 
distribution ratio of Zn to the elements is 75 % while Pb (2.70 %); Si (16.46 %); Mn (3.22 %); 
and W (1.03 %). At this point, fewer Pb particles were observed. Figure 6d is the EDX analysis 
at another point within the study area showing the distribution ratios of Pb to be 91.66 % and 
sulfur (8.34 %). This result shows that the ore is PbS which is found in the form of galena. 
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Figure 6: EDX point analyses of a study area with sub figures 6a, 6b, 6c, 6d. 

Similarly, another study area within the galena ore body was considered which is shown in figure 
7. The surface is clear and shows the interrelationships of the crystals. The area of right angle is 
associated with x-ray mapping shown in figure 8. Figure 8 clearly indicates the elements 
distribution of Pb, S, Zn and Si on the crystal. The distributions of Pb and S encompasses over 
80 % of the entire surfaces. 

Figure 7: EDX overall on a selected area. 
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Figure 8: X-ray mapping of a selected study area within the ore body; (a) overall phase map; (b) 
Si mapping; (c) S mapping; (d) Zn mapping; (e) Pb mapping. 

Fig 9: EDX analysis of points with sub figures (a,b, c and d) 
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Figure 9 shows the EDX analysis of the various points on the selected area. The associated peak 
areas indicates Pb element as the predominant element with other elements in trace amounts. 
This result agrees with other EDX analysis carried out on different points of the lump ore sample 
and affirms the fact that the ore sample under study is a galena ore. 

Conclusion 

The dominant mineral in the ore sample is galena, PbS. The minerals content order is galena » 
sphalerite > ilmenite > quartz. The ore has a combination of both cubic and octahedron crystal 
structure. The most valuable metal element in the ore is Pb while Zn, Cu, Fe, W, Mn, and Si 
elements are found in trace amounts. The distribution ratio of Pb to other elements is 95.02 %. 
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Abstract 

A great deal of iron ores which have special elements have been applied in the sintering process 
with the decreasing of high-grade quality iron ores resources. In this paper, the laterite nickel 
ores were added into three different kinds of iron ores respectively to make liquid phase 
formation research by software of Factsage and high temperature characteristic sintering 
experiments. The results showed that the adding proportion of laterite nickel ores should be less 
than 15% when the high temperature properties of the mixing ores were well. Increasing the 
mixing ration of laterite nickel ores in the sintering blending would play an important role in the 
reduction of the sintering cost. 

Introduction 

With the decreasing profit of the steel industry, the iron ores that have special elements have 
been used in the sintering ore blending process to decrease the cost of production in the iron and 
steel plant in China. The iron ores that have special elements have low TFe and high gauge 
content while the special elements are beneficial to the special steel-making with the advantages 
of low cost and so on. Hence, some researchers have studied the sintering process with adding 
the laterite nickel ores, sea sand ores, etc. in the sinter blending process to obtain the proper 
blending ratio of the iron ores that have special elements in order to decrease the cost and 
increase the production efficiency of iron-making system [1"3]. 

In present, the laterite nickel ores are used in the sintering blending production in some sinter 
plants of China. The nickel content varies in different laterite nickel ores. In some researches, 
when the adding ratio of high Fe low nickel of laterite nickel ores was less than 5% in the sinter 
blending, the various economic indicators and blast furnace production were well. The RDI 
could be improved and the cold strength and RI would be worse with the high proportion of 
laterite nickel ores. It is beneficial to lower the cost and improve the value of hot metal by 
increasing the adding ratio of laterite nickel ores in the sinter blending process [4"5l 

In this article, the laterite nickel ore which is high nickel, low Fe and high water content (33.47%) 
was used to study the addition available of blending in the sintering process. The basic 
characteristic of the laterite nickel ore and three other typical iron ores were studied, and the high 
temperature characteristic experiments by adding the different proportion of laterite nickel ore to 
the other three iron ores were carried out as well. The proper laterite nickel ore blending ratio 
range can be obtained by analyzing the behavior of high nickel and low Fe of laterite nickel ore 
in the sintering process and the influence trend of the high temperature characteristic of iron ores. 
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Experimental 

Materials 
Hematite Ore A, limonite Ore B, magnetite Ore C and laterite nickel Ore D were used in the 
present experiment. Chemical compositions of each iron ore are listed in Table I. Ore A was a 
typical Brazilian hematite with TFe 63.26% and low silica and aluminum. Ore B was a typical 
Australian limonite characterized with high silica, burning loss and porous structure. Ore C was a 
kind of magnetite which was from Peru with TFe 69.43% and low gauge content. Ore D was a 
high nickel low TFe kind of laterite nickel with high silica and magnesium. 

Table I Chemical compositions of iron ores (mass %) 

Material TFe FeO Si02 AI2O3 CaO MgO Ni Ig Type 

Ore A 63.26 0.27 3.11 1.38 1.58 0.5 - 3.68 hematite 

OreB 57.23 0.40 5.59 1.36 0.22 0.21 - 9.46 limonite 

OreC 69.43 29.30 1.43 0.28 0.53 0.74 - 0.03 magnetite 

OreD 22.96 0.27 36.98 2.58 0.20 14.78 2.11 11.51 laterite nickel 

Methods and facilities 
The amount of liquid phase formation of the four iron ores was calculated by Factsage thermal 
software. The calculation temperature range was between 900-1300°C. The iron ores were 
crushed into the size less than 100 mesh, and then analyzed by X-ray diffraction analysis (XRD) 
to make a qualitative mineral composition analysis. The facility of X-ray diffraction was TTRIII 
multifunctional X-ray diffraction which used CuKa, scanning angle 10-90°, wavelength 
0.15406nm. The high temperature characteristic experiments included the assimilation and 
fluidity. The iron ore which was less than 100 mesh was mixed firstly based on the different 
adding ratio of the Ore D into the other three iron ores. After that, the mixing iron ore was 
poured into the mold and agglomerated in a diameter of 8mm and 5mm high by a hydraulic jack 
to make the sinter sample. The pressure of the hydraulic jack was about 15MPa and the weight of 
each sample was 0.8g.The analytical CaO was compressed into a tablet with a diameter of 10mm 
and 2mm high as well under the iron ore sinter sample. In sequence, the material was sent to an 
infrared image furnace to simulate sintering thermal profile. Hence, the assimilation temperature 
of each iron ore was obtained by observing the iron ore reacts with the CaO tablet. The fluidity 
experiment was carried out with the mixing iron ore by adding analytical CaO and the same 
sinter sample making process as the assimilation experiment. The binary basicity and weight of 
each sample was 4.0 and 0.8g. Then the sample was set on the surface of the sheet which was 
made by alloy steel and heated to three different peak temperature in the infrared image furnace. 
The area of the melt formed on the sheet was measured with projection method. The fluidity 
index of the iron ore was calculated by the Eq. (1). 

Fluidity = Sl~Si (1) 

Where, Si is the vertical projection area of original sinter sample, mm2. S2 is the vertical 
projection area of the sintered sample. The sintered sample was made into light sheet and 
analyzed by the reflective microscope to get the mineral structure of the sintered sample. 
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Results and Discussion 

Liquid phase formation 
Figure 1 shows the amount of liquid phase formation with the temperature range of 900~1300°C. 
It shows that the amount of liquid phase formation of Ore D was the highest with the number of 
46.287% and the other three iron ores were almost 0 when the temperature was 900°C. With the 
temperature increased, the amount of liquid phase formation was with a linear increasing trend 
and the amount of it was 86.892%. The amount of liquid phase formation of Ore B increased 
sharply from the temperature of 1150°C and the amount of it was highest of the four iron ores 
with the number of 97.816% at the temperature of 1300°C which was related with the limonite 
Ore B itself. The crystal water of Ore B decomposed tremendously and formed larger pores with 
the temperature increasing which resulted in the rise of liquid formation. The liquid phase 
formation ability of Ore D was weak at the low temperature and it started to form liquid at 
1150°C. Before the temperature of 1150°C, the liquid phase line of Ore A was same as Ore B 
while the liquid phase formation ability of Ore A was weaker with the temperature increased 
compared with Ore B which was consistent with the liquid formation characteristic of hematite 
and limonite ores. 

Figure 1. The relationship between the liquid formation and temperature of iron ores 

XRD analysis 
Figure 2 and 3 show the XRD results of the 4 iron ores. It can be seen that most of the 
characteristic peaks of Ore A, B and C is consistent with the chemical composition of each iron 
ore. As shown in Figure 3, there exists many different kinds of mineral types of Ore D which 
includes garnierite((Ni, Mg)3Si205(0H)4), clinochrysotile(Mg3Si205(OH)4), antigorite((Mg, 
Fe)3Si205(0H)4), goethite, hematite, magnetite, quartz and the like. 
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Figure 2. XRD results of the Ore A, B and C 

Figure 3. XRD result of Ore D 

Assimilation 
The assimilation of the iron ore is defined as the reaction ability of iron ore with CaO during the 
sintering process which represents the ease of generating liquid phase. The low assimilation 
temperature (LAT) usually represents the assimilation ability and the lower LAT is, the better 
assimilation of the iron ore. The three mixed iron ore LAT results are shown in Figure 4. 

As shown in Figure 4, the LAT of Ore A, B and C is consistent with the study results before. The 
LAT of Ore B is the lowest due to the crystal water decomposes and increases the porosity of the 
limonite Ore B which promotes the reaction between the iron ore and CaO. In contrast, Ore C is 
a typical magnetite iron ore which is high TFe and relatively dense result in the worse reaction 
ability. In addition, the higher MgO content in Ore C inhibits the generation of calcium ferrite 
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which is bad to the assimilation and the LAT of the Ore C is the highest. The LAT of Ore A is 
moderate which is similar to the hematite type iron ore. 

The LAT of the three mixed ore increases with the adding ratio of Ore D. The influence of Ore D 
on the mixed ore assimilation mainly reflected in its crystal water content and chemical 
composition. Ore D contains an amount of crystal water and high burning loss. When the 
temperature increases, the crystal water decomposes and the porosity increases which makes the 
assimilation easier to carry out. But there exists higher MgO content in the Ore D results in the 
generation of high-melting substances which influences the assimilation of iron ore. The MgO 
also promotes the decomposition of hematite to magnetite which inhibits the calcium ferrite 
formation. According to the assimilation results, the inhibitory effect of the high-melting 
material generated by the MgO is much greater than the promotion effect of the porosity 
generated by the decomposition of crystal water on the assimilation of the iron ore. 

Figure 4. The assimilation temperature comparison of the three mixed iron ores 

Fluidity 
Figure 5 shows the three mixed ore fluidity index (FI) results. It can be seen that the FI of Ore A 
and D increases with the temperature increases when the adding ratio of Ore D less than 15% 
while the FI increases then drops with temperature increasing when the adding ratio more than 
15%. The mixed ore FI is higher than that of Ore A when the Ore D blending ratio is 15% at 
1280°C, R=4.0, thus the addition of Ore D inhibits the fluidity of Ore A. The FI of Ore B and D 
firstly increases and then decreases with temperature increasing when the blending Ore D 10% is 
the mostly obvious which is beneficial to improve the fluidity of Ore B. The FI of Ore C and D is 
gradually rising trend with increasing temperature. It is obvious to find that the adding ratio of 
Ore D more than 10%, the FI of mixed ore increases and the fluidity of Ore C improves as well. 
The fluidity ability plays a complementary effect when added the Ore D to Ore B or C, 
respectively. The Ore B liquid phase formation drops with the Ore D added because the large 
amount of MgO content in Ore D results in more high-melting material formation. The Ore B 
liquid phase formation increases with the Ore D added due to a great deal of Si02 in Ore D which 
makes more low-melting material formation in Ore C. 
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Figure 5. The fluidity index comparison of the three mixed iron ores 

Calcium ferrite formation characteristic 
The mineral phases were detected based on the assimilation and fluidity experiment results of 
some mixed ore sintered samples. The amount of silicon ferrite calcium and aluminum (SFCA) 
and mineral phase distribution are shown in Table 2 and Figure 6, respectively. 
Figure 6(a) shows that a great deal of corroded calcium ferrite exists and some calcium ferrite, 
hematite and magnetite corroded together with little silicates existence. Figure 6(b) indicates that 
a little block calcium ferrite distributes with magnetite and the amount of silicates increase 
sharply. 

As shown in Figure 6(c), the amount of calcium ferrite is small and most of it distributes with 
magnetite together while there exists a large amount of magnesium ferrite. Figure 6(d) shows 
that hematite and silicates distribute together densely and the amount of silicates increases 
heavily. 

Figure 6(e) indicates that magnetite is the major mineral phase with magnesium ferrite and 
silicates distribute in it and there exists some pitting like calcium ferrite. As shown in Figure 6(f), 
the calcium ferrite bonding phase is little while the magnesium ferrite and silicates are the main 
bonding phase. 

It can be included that there exists a large amount of corroded calcium ferrite when the adding 
ratio of Ore D is less than 5% which indicates that the Ore D almost has no impact on the sinter 
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mineral phase. There still exists some pitting like calcium ferrite which ensures the bonding 
phase of the sinter mineral phase when the adding ratio of Ore D is 15%. But there is also some 
existence of magnesium ferrite that is related to a certain MgO content of Ore D. Not only the 
amount of calcium ferrite decreases rapidly but the amount of silicates and magnesium ferrite 
increase sharply when the adding ratio of Ore D more than 20% which reduces the sinters 
strength significantly. 

Table II The amount of SFCA in sintered specimens, % 
Number a b c d e f 

SFCA amount 22.3 13.3 12.8 5.7 11.5 3.5 

H-hematite, M-magnetite, CF-calcium ferrite, Si-silicates, FM-magnesium ferrite, P-pores 
Figure 6. Calcium ferrite formation characteristics comparison of some sintered samples 

Conclusions 

(1)The basic characteristic of different kinds of iron ore varied widely based on the chemical 
composition, XRD and Factsage thermal calculation analysis. The liquid phase formation ability 
of Ore B was better and Ore A was worse. The liquid phase formation ability of Ore C and Ore 
D was moderate. 

(2)The high temperature characteristic of different kinds of iron ore varied as well. The LAT was 
gradually rising of the mixed sintering ore with the Ore D adding ratio increasing. The liquid 
phase formation ability of Ore B and Ore C was improved by adding Ore D. 

(3)When the ratio of the added Ore D was less than 15% in the mixture, it would have little 
effect on the high temperature characteristic of the blending iron ores, which contributed to 
lower the sinter blending cost. 
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Abstract 

The superfine material generated in the Bayer process was used in one innovatively way as a 
precursor to geopolymerization techniques because of the presence of Gibbsite. Gibbsite can 
play a role in system adjustment because of the Si02 /Al203 ratio. Furthermore in the 
geopolymeric system it was studied the influenceof the additives such as kaolin, metakaolin and 
sodium trisilicate in an alkaline media. Others conditions to form the geopolymer were also 
evaluated such as solid/liquid ratio, Si02 /Al203 ratio and total alkaline. The raw materials and 
geopolymeric products were characterized by several techniques e.g. XRD, DSC, FTIR and 
SEM. Through the FTIR technique it was observed an increase in intensity and bandwidth in the 
region centered at 1010 cm"1, which is related to the asymmetric vibration Si(Al)-0, this is an 
indicating of the possible geopolymer formation This broadening of the band promotes a relative 
disappearance (overlapping) peaks at 965 and 935 cm"1 associated with raw material (ESPDust). 

Introduction 

The Bayer process consists in concentration of the aluminum hydroxide existing in bauxite ore 
through solubilization and precipitation steps. During the calcination step occurs the 
transformation of aluminum Al(OH)3 hydroxide on alumina A1203 [1], During this stage occurs 
the breakage of the alumina crystals in small fraction, the superfines removal occurs by 
electrostatic precipitator. The removal of the superfine is necessary due to the potential harm in 
current efficiency and anodic effect in the Hall-Heroult process [2], Thus, the alumina superfines 
(ESPdust) becomes a residue and it cannot be directly utilized in aluminum production neither be 
used directly in cover mix for the anodes setting in the pots. If this material is not sold in market, 
it is end up in a red mud disposal lake. Several studies tried to agglomerate the alumina 
superfines to be used in the anode cover mix composition with relatively success but with high 
capital costs. This paper presents the development of alumina fine base material as a geopolymer 
precursor for reuse in the mixing bath coverage. 

The geopolymerization is an attractive solution since it has a generation of C0 2 equivalent lower 
than conventional agglomeration and briquetting techniques [3], The first synthesized 
geopolymers used as precursor materials quartz, Kaolinite in an alkaline media at varying 
concentrations and synthesis temperature of 150°C. Thus, the geopolymers exhibit mineral base, 
aluminum-silicate (kaolin, metakaolin, fly ash, calcined soils), which under alkaline conditions 
promote reactions that allow the polymeric bonds of Si-O-Al-O chain. The geopolymers are 
similar to zeolites but have an amorphous microstructure [4], The geopolymers chains are 
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formed by sharing of oxygen, similar organic polymer formed by the connections between the 
carbon atoms. The synthesis temperature may vary between 25 and 100°C, which will affect the 
reaction kinetics and the mechanical properties [3], Sodium trisilicate, Kaolinite or 
metaKaolinite can were used as additional material. 
The Kaolinite is a clay mineral has a white color and their lamellae are electrically neutral, its 
lamellae have a structure similar to Gibbsite octahedral and a tetrahedral structure formed by the 
structure of silica, in addition to having a low ion exchange capacity. If Kaolinite has substitution 
such as Si4+ by Al3+, it may have surface charges [5, 6, 7], It is know that the growth of its 
microcrystals have the form of plates with hexagonal profile. Due to their small interlamellar 
organic complexes (e.g. hydrazine derivatives, amines, urea, among others) can penetrate the 
expanding lamellae [6], The process of dehydroxylation of Kaolinite is endothermic and occurs 
in the temperature range 550-900°C [8, 9], creating a new phase called metakaolin. 

The study is innovative in the development of geopolymer based on ESPdust, furthermore 
evaluates the influence of additional material and processing parameters to meet the performance 
the required. The reactivity of the material with the electrolytic bath is the special characteristic 
needed [10], because it must be able to solubilize rather than be an inert material. The later is 
searched in most geopolymers [3], 

Methodology 

Materials and Methods 

As base material, alumina superfine was used and it was divided in 4 subsamples of 250g. The 
surface area was performed by nitrogen adsorption technique using the BET method (Horiba, 
6200 series) and the material density was obtained by gas picnometry (He). 

Supplementary materials 

Commercial Sodium Trisilicate - Na2Si3C>7 (Fluka 242.23 gmol"1) was used as additive. Also 
Commercially Kaolinite was used, and in one previous study, has been extensively characterized 
(Rodrigues, 2009). The heat treatment for the transformation of Kaolinite to MetaKaolinite was 
performed at 750°C for 2 hours due to a more reactive structure [3]. 

Experiment Matrix for Geopolymers 

All experiments were conducted in an aqueous medium in a closed system at 40°C. The 
following conditions were evaluated: the solid/liquid ratio (expressed in ratio H 2 0/M 2 0) where 
M is the sum of alkalis (Na20 + K20), the variation of the ratio Si02/Al203 . The sample 
identification starts with the letter "G" represents the nomenclature for geopolymer. Then, the 
group number are "2, 3 and 4", and after the base material name is in case "ESP" for ESPdust. 
Later, the activator is indicated with the word "Tri" for Trisilicate, "Caul" for Kaolinite and 
"MCa" for MetaKaolinite. The letters "A, B and C" indicate that there were changes in the ratio 
Si02 /Al203 or H 2 0 /M 2 0 in the respective group (Table I). 
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Table I - Experiment Matrix 

Group ID Si02/Al203 M20/Si02 M20/A1203 H2O/M2O Temp. (°C) 

1 
G2ESPTrisA 2.6 1.1 2.8 34.5 40 

1 G2ESPTrisB 3.3 0.9 3.0 32.1 40 1 
G2ESPTrisC 3.9 0.8 3.2 29.9 40 

2 
G3ESPCaulA 1.2 1.9 2.2 32.0 40 

2 G3ESPCaulB 1.6 1.3 2.0 28.2 40 2 
G3ESPCaulC 1.8 1.1 2.0 25.9 40 

3 
G4ESPMCaA 1.2 1.9 2.2 32.0 40 

3 G4ESPMCaB 1.6 1.3 2.0 28.2 40 3 
G4ESPMCaC 1.8 1.1 2.0 25.9 40 

Samples preparation 

The procedure performed to prepare the samples was described below: 
Initially the activating solution was prepared by solubilization of 200gL_1 of sodium hydroxide. 
This solution was stirred until its cool off. The dry mixed solids: Base materials and 
aluminosilicate fillers. The mixture was added to the activation solution and the system was 
stirred mechanically for 5 minutes. Poured in the mold and thickened through 5 beats. The curing 
of the material was performed in an oven for 24 hours. Subsequently, after demolding, the 
samples were dried for 24 hours at 40°C. 

Analysis and Tests 
The chemicals analyses for the raw materials were performed by ICP technique (Inductively 
Coupled Plasma Emission Spectrometer - ICP Optima 5300 DV - Perkin Elmer). For alumina 
phase determination was used X-ray Diffraction (XRD PANanalytical, CubiX3 model). Alumina 
size distribution was performed by Malvern particle analyzer MSS Mastersizer X. 
The samples of geopolymers which had passed in mechanical test were subsequently coated with 
a thin film conductive carbon. Being examined and photographed in a scanning electron 
microscope (SEM) model INSPECT S50 - FEI Genesis - EDAX spectrometer and analyzed the 
X-ray dispersive energy (EDS). 
All samples of raw material, additives and geopolymers formed were analyzed using infrared 
spectrometry were performed by the transmission diffuse reflectance spectroscopy technique 
(DRIFT) with KBr pellets 1:1000 with 64 scans and resolution of 2cm"1, Nicolet 6700 
spectrometer, ThermoScientific. 
Mechanical test was performed in the uniaxial compressive strength based on ASTM-C133-94 
(Cold Crushing Strength) with a loading rate of 1-100ns. Cylindrical bodies in the dimensions of 
25mm in diameter and 35mm in height were made. Results represent the average of two values 
obtained during the tests. Tests were performed one day after the drying due to the characteristic 
of the production process (manufacturer SOLOTEST series 6439). 
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Results and discussion 

Alumina characterization 

The chemical composition of the alumina superfines is presented in Table II. 

Table II - Chemical composition and quantity of the alumina phase alpha-alumina. 
ID Sam) ale (%) Average Stdv. 

AI2O3 84.5 81.9 83.1 81.9 82.9 1.2 
Na 2 0 0.4 0.7 0.5 0.4 0.5 0.1 
Si02 0.03 0.02 0.05 0.03 0.03 0.01 
CaO 0.03 0.01 0.01 0.01 0.02 0.01 
Fe203 0.02 0.01 0.01 0.01 0.01 0.01 
M.O.I 10.7 13.2 12.6 13.3 12.5 1.2 
L.O.I 4.3 4.1 3.7 4.4 4.1 0.3 
a-A1203 10.8 7.6 15.6 15.8 12.5 4.0 

Despite of the high concentration of alumina as A1203, only a part effectively contributes to the 
geopolymerization, since Gibbsite has a solubilization kinetics faster than Bohemite in the study 
conditions. 
The particle size distribution of ESPdust is presented in terms of values of D10, D50, D90 as 8.0; 
24.8 and 50.3|_im and a deviation of 1.4; 3.7; 2.4|_im respectively. The surface area was 
determined by nitrogen adsorption by the BET method and was 31,3m2g_1 ± 1.7 m2 g 1 . The 
density of the material analyzed by gas picnometry (He) was 3,86gcm"3±0,10gcm"3. 
The morphology of the alumina particles and the diffraction pattern are shown in Figure 1, the 
appearance of images of scanning electron microscopy are globular clusters. 
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50 SO SO 30 
26 (degrees) 

c) 
Figure 1 - SEM of ESPDust a)1500x e b) lOOOOx and c) ESPDust diffractogram 

In Figure 1(a) it is shown basically two types of particle, Gibbsite that had the aspect of 
agglomerated material and particles in the form of slabs or more defined, representing the a -
A1203 (Dumortier, 2000). In Figure 1 (b) detail of Gibbsite particle is presented. The X-ray 
diffractogram is shown in Figure 1 (c), one may observe two crystalline phases Gibbsite (G) and 
a-A1203 (O). 

Characterization of Additives for ESPDust System 

Kaolinite chemical analysis is presented in Table III, indicating a SiCyA^C^ ratio of 1.15. 

Table III - Kaolinite chemical composition. 

ID Samples (%) Average Stdv. 
Si02 44.9 46.6 45.8 1.2 
A I 2 O 3 38.3 39.6 39.9 0.9 
Ti02 1.3 1.5 1.4 0.2 
Fe203 1.9 2.1 2.1 0.1 
L.O.I 13.4 10.1 11.8 2.3 

Alumina Geopolvmerization 

For reuse of alumina superfines in the aluminum production process as a bath composition of the 
coverage mix, a previous agglomeration is needed due to the high flow velocity caused by the 
size distribution lower than 20|_im. However, the material shall have chemical reactivity with 
electrolytic bath (molten salts). 

For the geopolymerization process it was used as a reference, only solution of sodium hydroxide 
and ESPdust as a sample. But unlike the red mud, the ESPdust do not have a pozzolanic 
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behavior. Thus, the samples did not form any kind of geopolymer also because the SiCVAhOi 
ratio of the cluster was initially 0.01, not suit for geopolymers. 

The different kinds of additives (Trisilicate, Kaolinite and MetaKaolinite) were used as a 
comparative study. In the sodium trisilicate system, G2ESPtriC sample reached a value of 
3,9MPa. In Figure 2, it can be observed the behavior of the three groups. Group 2 (G2ESPTri) 
while the molar ratio of SiCVAhOs is close to the ideal range for a geopolymer between 3.5 to 
4.5, other relationships have changed, such as Na20/Al203 out of its respective track of 
geopolymerization due to the kind of additive. The Na20/Al203 ratio rises importance in this 
system, as the source of alumina becomes the dissolution of Gibbsite. 

Another molar ratio that changes is the E^O/IS^O. NaOH is important for the dissolution of 
metastable aluminosilicate species, but does not guarantee the polycondensation [11], This may 
have led to the formation of a structure rich in monomers which reduces the mechanical strength. 
As for Group 2, Kaolinite, and Group 3, metaKaolinite, there were increases in strength with 
increasing molar ratio SiCyA^Os. However, for samples G3ESPCaulC and G4ESPMCaC, the 
parameters of curing and drying proved not to be adjusted since there was no integrity (NI). 
These, in turn, possessed the highest molar ratio Na20/Al203, on their group (1.8). 

Figure 2 Variation ratio SiCyA^C^ to different additives. 

For the best performed geopolymers of each group a FTIR study was conducted and the 
spectrum was presented in Figure 3. The FTIR-based geopolymer matrix with Kaolinite additive 
G3ESPCaulB, shows a spectra in the region of 3500 cm"1 that represents Gibbsite and continues 
to be detected as well as Kaolinite. One the one hand it is observed the increase of the carbonate 
band in the region 1460 cm"1 [3], In region 1200-500 cm"1 Kaolinite bands are attenuated but not 
disappear from the spectrum at 1090 and 980 cm"1. This is an indication that there was no total 
solubilization of Kaolinite. However the peak of Si-O at 540 cm"1 is present. 

As for metakaolin geopolymer G4ESPMCaB the basis of the spectrum in the region 3500 cm"1 

shows whether the attenuated bands of Gibbsite and an increase in the vibration of the hydroxyl 
signal. In the spectrum is observed the formation of the sodium carbonate already described 
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above. The disappearance of the bands 1099 and 1019 cm"1 and appearance of a new band in 
1009 is related to Si-O, indicating that the formation may have occurred in the geopolymer. 

The FTIR of the geopolymer G2ESPTrisB shows the presence of Gibbsite, but there is an 
increase in intensity of links E^O/hydroxyl in the region of 3500cm"1 due to the nature of the 
system. According to Davidovits (2008), the bands in the region of 1460cm"1 are related to the 
presence of sodium carbonate, arising from the migration of water during the drying and curing, 
which carries sodium hydroxide to the surface by reacting with atmospheric C0 2 . One can 
observe the increase of intensity and bandwidth in the area centered at 1010 cm"1, which is 
related to the asymmetrical vibration Si(Al)-0, indicating possible formation of the geopolymer. 
This broadening of the band promotes a relative disappearance (overlapping) peaks at 965 and 
935 cm"1 associated with raw material (ESPDust). 

Details can be seen in Figure 4 there a difference between treatments, but the geopolymers 
formed from metakaolin and sodium trisilicate show greater similarity. The geopolymer that 
used Kaolinite shows no indication of extensive geopolymerization because the additive can be 
observed even in the composition. 

Figure 3- Comparison between geopolymers G3ESPCauB (a), G4ESPMCaB (b) and 
G2ESPTrisB (c). 

Figure 4- Details from comparison between geopolymers G3ESPCauB (a), G4ESPMCaB (b) and 
G2ESPTrisB (c). 
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The morphologies of the geopolymers are shown in Figures 5 the micrographs A and C, shows a 
more continuous fracture surface, while B shows depressions, or greater irregularity. 

A) B) C) 

Figure 5- Micrograph 150x a)G2ESPTrisB, b) G3ESPCauB, c) G4ESPMCaB. 

These observations were agreement with the mechanical properties observed in Figure 2 and 
FTIR spectra's, the greater the extent of geopolymerization greater will be the mechanical 
resistance. 

Conclusion 

The study aimed not only develops and understand the geopolymeric systems derived from by-
products of the aluminum industry, as well as presenting a potential industrial feasible solution 
for alumina superfines (ESPdust). 
It was possible to geopolymerize ESPdust with supplementary materials, with potential 
application as part of the chemical composition of the bath cover. Since Gibbsite improve the 
SiC^/A^Cy The curing temperature of 40°C reveal to suit for geopolymerization system since 
mechanical resistance was higher than 2 MPa. Also for all evaluated the supplementary 
materials: Sodium Trisilicate, Kaolinite and MetaKaolinite. 
The MetaKaolinite and Trisilicate developed a better geopolymeric structure for the conditions 
studied. 
The geopolymer can be used in the composition of the bath cover electrolytic cells, the 
geopolymer will be crushed again to adjust the size and mixed with the other constituent 
materials. 
Further studies are necessary to enhance geopolymer properties and understand the behavior of 
HE gas adsorption. 
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Abstract 

For the purpose to reduce the high cost and heat storage loss of AhCVMgO bricks used as ladle 
linings, Al 2 0 3 -Mg0-Ca0 bricks with lower theoretical density were fabricated and the 
densification behavior as well as mechanical property of this refractory was investigated. With 
addition of CaO, the initial sintering temperature of Al 2 0 3 -Mg0 refractory was decreased from 
1300 to 1100°C associated with the expansive formation of CA2, and the compressive strength 
was also enhanced owing to the formation of bond linkage between CA6 and spinel. At high 
temperature, brick with 4% CaO content showed poor sinterability with high porosity because of 
the formation of platelet structure of CA6 grains, whereas brick with 8% CaO content was well 
sintered with higher relative density but lower bulk density than Al 2 0 3 -Mg0 brick, indicating 
that the densification as well as lightweight of Al203-Mg0 refractory was effectively promoted. 

Introduction 

The application of Al203-Mg0 bricks or castables has greatly increased the service life of steel 
ladles compared with other kinds of refractories, for the highly improved slag corrosion 
resistance and wearing resistance [1-3]. The reduction in slag penetration and Mn2+, Fe2+ and 
Fe3+ cations absorbed by alumina rich spinel in the form of a solid solution were the key reasons 
for the improvement of the performance of the refractory [4, 5], However, the application of this 
refractory has been hindered recently due to the following two aspects: 
(1) Increase of the product cost of alumina containing refractories due to the short supply of 
alumina resource. 
(2) Higher values of bulk density of Al 2 0 3 -Mg0 refractory due to the higher theoretical density 
o fa -Al 2 0 3 (3.99 g/cm3), which requires higher energy consumption for the heat storage loss and 
does not fit the requirement of energy saving. 
To solve these problems, lightweight Al203-Mg0 refractory has been fabricated by using porous 
aggregates [6-8], but little further works on the application of such lightweight refractory as 
working linings of ladles have been reported in the literatures mainly owing to the worry on the 
poor slag corrosion resistance. 
Considering the abundant and inexpensive resource of limestone, Al 2 0 3 -Mg0 refractory would 
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become relatively low-cost and lightweight while using CaO (decomposed limestone with a 
theoretical density of 3.35 g/cm3) as raw material to fabricate AhCVMgO-CaO refractory. 
Besides, materials designed in Al 2 0 3 -Mg0-Ca0 system with a small amount of CaO present 
high refractoriness according to the phase relationships [9], Therefore, Al203-Mg0-Ca0 
refractories with different CaO content were designed in the present work, and the densification 
behavior as well as mechanical property of these refractories has been investigated, for the 
purpose to fabricate dense and lightweight Al 2 0 3 -Mg0-Ca0 refractory materials. 

Experiment 

The starting powders used in the present work were Al203 (analytical reagent with purity >99.5 
mass% and d50 <10 ¡im), MgO (analytical reagent with purity >99.0 mass% and d50 <10 (im) and 
CaC03 (analytical reagent with purity >99.5 mass% and d$o <20 ¡im). Three batches of mixtures 
(with compositions shown in Table I) were prepared by ball-milling for 2 h in isopropanol 
respectively. After evaporation of the isopropanol by means of a rotating evaporator, the dry 
powder mixtures were shaped to pellet sizes of 40 mm * 40 mm x 10 mm under pressure of 40 
MPa respectively. The chemical composition of A-batch was typical for Al 2 0 3 -Mg0 refractory, 
and the other two compositions were formulated on the basis of the information supplied by the 
ternary subsystem Al203-MgAl204-CaAl407, the initial liquid appearance of which starts at 
1730°C [9], The prepared pellets were dried at 120°C for 24 h, and then were fired in a high 
temperature electric furnace at the heating rate of 5 °C/min to the final temperature in the range 
of 1000-1600°C with soaking time of 2 h, and then cooled to room temperature in the furnace. 

Table I. Mass composition of different batches, mass% 
Batches CaO (CaC03) MgO AI2O3 Total 

A 0(0) 10 90 100 
B 4(7.14) 10 86 100 
C 8(14.29) 10 82 100 

The phase compositions were examined by X-ray powder diffraction (XRD, Cu Ka radiation, 40 
kV and 40 mA) with a step of 0.02° (29). The compactness was characterized by bulk density 
and apparent porosity measured in kerosene using Archimedes principle, and the cold 
compressive strength was measured using computer-controlled hydraulic universal test (Model 
WEW-50). In addition, the microstructure was analyzed by scanning electron microscopy (SEM, 
SSX-550, Japan) attached with energy dispersive X-ray analyzer (EDX). 

Results and discussion 

Reaction process 

The reaction processes of the different samples were studied by analyzing the evolution of the 
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phase compositions (shown in Fig. 1). The reaction of MA formation in A-batch (shown in Fig. 
la) was practically finished at around 1200°C, which was in agreement with reported [10]. For 
B-batch (shown in Fig. lb), the complete formation temperature of MA was higher than 1200°C 
compared with A-batch. According to the study of Carter, higher MA formation rate is carried 
out at alumina interface by the diffusion of Mg2+ [11], As a consequence of the reduction of 
alumina content by the reaction with CaO at lower temperatures, the diffusion distance of Mg2+ 

increased and hindered the formation of MA. In addition, the formation of CA2 was finished 
completely at around 1100°C. At 1300°C, CA6 was detected by reaction between CA2and excess 
alumina, which was finished completely at around 1500°C with extremely low intensity of CA2 

peak. The evolution of the reaction process of C-batch (shown in Fig. lc) was almost as same as 
that of B-batch at temperatures in the range of 1000-1400°C. However, CA2 still remained as a 
main constituent in this sample at temperatures higher than 1500°C, which was owing to the 
difference of locations in the ternary subsystem Al203-MgAl204-CaAl4C>7 between these two 
samples. 
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Fig. 1 Evolution of phase compositions with temperature of the different samples 
indicated from the following XRD peaks: MA (311); CA2 (311); MgO (200); 
CA6 (114): (a) without CaO, (b) 4% CaO, (c) 8% CaO. 
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Densification 

Fig. 2 shows the variation of the densification process of the different samples with firing 
temperature and CaO content. In Fig. 2(a), the bulk density of the sample without CaO addition 
increased slightly at temperatures lower than 1300°C, with an appreciable increase in apparent 
porosity at the same time, which could be associated with the formation of new apparent pore 
channels by coalescing sealed pores formed in green pellets. Volume expansion of 3.7-8.4% 
caused by the formation of MA also occurred in the same temperature range, which was 
unfavorable for the densification process. Thus, densification process was not significant until 
higher than 1300°C, which is considered as the initial sintering temperature of Al 2 0 3 -Mg0 
refractory under the present experimental condition. 

(a) 2 . 1 

2 . 0 
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1200 1300 1400 
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1200 1300 1400 

Temperature(°C) 

Fig. 2 Variation of the densification process of the different samples: (a) bulk density, (b) 
apparent porosity. 

The bulk density of the samples with CaO addition was lower than A-batch at temperatures 
lower than 1200°C, which was mainly because of the abundant formation of CA2 with low 
theoretical density (2.89 g/cm3). Meanwhile, significant densification process of the CaO added 
samples was achieved from 1100°C to 1200°C, with a sharp decrease in apparent porosity. It was 
confirmed by the change of microstructure of C-batch in the same temperature range (shown in 
Fig. 3), which clearly showed a significant grain growth of CA2 and a reinforcement of the 
grain-grain bonding. Thus, it could be considered that addition of CaO effectively decreased the 
initial sintering temperature of Al203-Mg0 refractory to 1100°C under the present experimental 
condition. 
In Fig. 2(b), the densification of C-batch was rapidly promoted at temperatures higher than 
1300°C. There was a decrease in bulk density from 2.15 to 2.01 g/cm3 while 8% CaO was added 
at 1600°C because of the steady existence of CA2. Furthermore, a decrease in apparent porosity 
from 45.3% to 40.6% was also observed, mainly owing to the resorption of porosity by the 
expansive formation of CA2 in initial sintering stage [12] and promotion of grain growth 
associated with higher diffusion rates of ions at high temperatures, which suggested that the 
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lightweight and densifieation of Al 2 0 3 -Mg0 refractory were effectively promoted. However, 
brick with 4% CaO content showed poor sinterability with little decrease in porosity at the same 
temperature range. To explain this abnormal phenomenon, microstructures on both polished and 
fractured surfaces of this sample were analyzed (shown in Fig. 4). Typical platelet structure of 
CA6 grains with an acicular shape was clearly identified on the polished surface, enclosing the 
MA grains, which hindered the grain growth of MA and the elimination of pores. Consequently, 
densifieation process slowed down rapidly and a porous structure formed. This enclosed 
structure was also observed in the fractured surface, showing a limited grain growth of MA. 
Since both composition and particle size of the CaO added samples are similar to the typical 
matrices of the alumina-rich castables which are widely used as linings of ladles, the 
composition with 8% CaO content located in the ternary subsystem MgAEO^CaAUOy-
CaAli2Oi9 is more proper for the matrices considering its better compactness and less penetration 
of slags. 

Fig. 3 SEM images of the fractured surfaces of Al 2 0 3 -Mg0-Ca0 refractory with 8% 
CaO treated at (a) 1100°C and (b) 1200°C. 

Fig. 4 SEM images of Al 2 0 3 -Mg0-Ca0 refractory with 4% CaO treated atl600°C: 
(a) polished surface, (b) fractured surface. 

341 



Compressive strength 

Fig. 5 shows the cold compressive strength (determined by the average values of the cold 
strength of 5 samples) of the different samples after fired at 1600°C. Though the compactness of 
the brick with 4% CaO content was poor, its strength was increased compared with the sample 
without addition. Such enhancement in strength was believed to be associated with the formation 
of linkage between CA6 and spinel grains (shown in Fig. 4b) [13]. Brick with 8% CaO content 
presented the highest strength owing to the similar linkage structure as B-batch and the higher 
compactness compared with other samples. 

Fig. 5 Cold compressive strength of the different samples treated atl600°C. 

Conclusions 

Al 2 0 3 -Mg0-Ca0 refractories with different CaO content were fabricated by firing mixtures of 
A I 2 O 3 , MgO and CaC03 powders, and the densification behavior as well as mechanical property 
of this system refractory was investigated. Based on the above results, the following conclusions 
have been drawn: 
(1) The initial sintering temperature of Al 2 0 3 -Mg0 refractory was decreased from 1300°C to 
1100°C by adding CaO associated with a reinforcement of the grain-grain bonding and 
significant grain growth of CA2 from 1100 to 1200°C. 
(2) Brick with 4% CaO showed poor sinterability with little decrease in porosity at high 
temperatures, but when 8% CaO was added, both the densification and lightweight were 
effectively promoted. 
(3) The cold compressive strength was enhanced with addition of CaO due to the formation of 
linkage between CA6 and spinel grains. 
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Abstract 

One of the most promising refractory materials for application is zirconia in melting 
superalloy. In this work, the properties and phase composition of magnesia partially 
stabilized zirconia ceramics (MgO-PSZ) under different sintering temperatures were 
systematically investigated. Commercial magnesia partially stabilized zirconia 
(MgO-PSZ) powders were selected as the starting materials. The magnesia partially 
stabilized zirconia phase composition was measured by X-ray diffraction (XRD), the 
density of sintered samples was tested by vacuum density instrument, the thermal 
expansion were obtained by thermal dilatometer from ambient temperature up to 
1450°C, and the microstructures of MgO-PSZ were characterised by scanning electron 
microscope (SEM). The results indicated that the properties of thermal expansion, 
densification, microstructures and phase composition were significantly affected by 
sintering temperature. Densification was consistent with SEM micrographs of 
MgO-PSZ at different sintering temperatures. 

Introduction 

Zirconia ceramics have excellent potential to become important materials in certain 
parts of superalloy melting [1], Generally, the resistance to corrosion by high 
temperature melts of a ceramic material was measured by a number of properties, 
including good thermo-dynamic stability, low solubility in liquid alloy and good 
thermal shock performance. Pure zirconia has three polymorphs, which are 
monoclinic (m), tetragonal (t) and cubic (c) [2-4], The addition of small amounts of 
Y203 , MgO or CaO stabilizers to Zr0 2 made the high-temperature phases retained at 
room temperature [5], Magnesia partially stabilized zirconia (MgO-PSZ) is one of 
these ceramics which has a number of attractive properties. However, properties of 
MgO-PSZ are affected by phase composition. C.G. Aneziris et al. [6] reported that 
zirconia materials would present high porosity levels with high amounts of 
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monoclinic phase (above 50 vol %), caused the worse corrosion resistance and pour 
mechanical strengths. According to the ZrC>2-MgO phase diagram [7], phase 
composition is greatly influenced by sintering temperature. It is noteworthy to point 
out that in the results within existing published works by diverse researchers 
concerning to MgO-PSZ ceramics, the properties and phase composition of magnesia 
partially stabilized zirconia ceramics (MgO-PSZ) are strongly relied on the 
experimental conditions, particularly the sintering temperature. 

In this work, commercial magnesia partially stabilized zirconia (MgO-PSZ) has been 
selected as the starting materials. The major objective of this paper is to investigate 
phase composition and properties including thermal expansion and densification of 
Zr02 with additions of 3.5 wt% MgO powders. 

Experimental 

Powders of commercial magnesia partially stabilized zirconia (3.5wt%MgO) were 
selected as the starting materials. In order to form suspensions, the 3.5 wt % 
MgO-PSZ powders were dispersed in deionized water with organic binder and 
ball-milled for 4 h. The solid discs (20 mm in diameter) and bars were attained by slip 
casting. The technique of slip casting was affected by particle size. The mean particle 
size of powders is 2.56pm measured by laser particle size analyzer (Malvern Mastersi-
zer 2000). The distribution of particle size is shown in Fig. 1. For static sintering tests, 
green specimens were treated at different temperatures of 1600, 1620, 1650, 1670°C 
with the soaking time of 4 h. 

Figl. Particle size distribution of 3.5wt%MgO-PSZ powders. 

Phase identification was carried out by X-ray diffraction technique, equipped with Cu 
Ka monochromatic radiation. The data were collected over the 20 range from 10° to 
90°.The surface of samples as-sintered were observed by scanning electron 
microscope (SEM, Hitachi SU-1510) using an accelerating voltage of 15 kV after the 
gold coating to avoid charging during exposure to the electron beam. The density of 
sintered samples was tested by vacuum density instrument at room temperature. The 
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value of theoretical density of 3.5 wt % MgO-PSZ powders is 5.82g/cm3. The thermal 
expansion were obtained by thermal dilatometer (Netzsch DIL 402C) from ambient 
temperature up to 1450°C.The dimension of the specimen is tp6*25 mm and the 
heating and cooling rate is 5°C min"1. 

Results and discussion 

X-ray diffraction patterns of MgO-PSZ samples at different sintering temperatures are 
shown in Fig.2. From it shows that the m-phase is the main constituent in the 
unsintered sample. When sintering temperature reached 1600°C, the tetragonal and 
cubic phases appeared and the monoclinic reduced. It is clear that the (101) t plane 
belongs to the overlap diffraction of ( l l l ) c plane because they have nearly the same 
lattice parameters for the tetragonal and cubic phases [8], 

Fig2.X-ray diffraction patterns of MgO - P S Z powders sintered at different 
temperatures. 

The relative content of monoclinic phase shown in Table I is calculated in the matrix 
method by using an expression [9] as 

_ Im(llT) + Im(lll) 

It(101)+c(lll) + Im(llT) + Im(lll) 

Where I m (ni j , I m ( in) a nd It(ioij+c(mj a r e the integrated intensities of the 
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corresponding peaks. With increasing sintering temperature, the amount of 
monoclinic phase reduced. Furthermore, the mainly phases in the as-sintered 
specimens are the tetragonal and cubic phases. 

Table I. monoclinic phase relative content of MgO-PSZ powers sintered at different 
temperatures 

sintering 
temperature(C) 

monoclinic phase relative content 
( % ) 

Unsintered powders 100 
1600 56 
1620 26 
1650 18 
1670 9 

Fig.3 plots the relative density of sintered samples as a function of sintering 
temperature. It is indicated that relative density initially increased and then reduced 
with rising temperature, a maximum value is95.36% which can be obtained at 1670°C. 
A slightly decrease in the final density can be noticed when temperature is higher than 
1670°C, which may be caused by abnormal grain growth. 

1600 1620 1640 1660 1680 1700 

Sintering temperature(°C) 

Fig3.Densification of MgO-PSZ powers sintered at different temperatures. 

Actually, the fact that the densification of MgO-PSZ is affected by sintering 
temperature is proved by the SEM micrographs. Fig.4 shows SEM micrographs of 
MgO-PSZ powers sintered at different temperatures. As it can be seen the specimen 
still has an amount of pores at 1600°C (Fig4. 2a). The number of pores reduced as 
sintering temperature increased (Fig4. 2b). However, the microphotograph revealed 
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that when temperature reached 1690°C, the grains growth rapidly coarsening, some 
pores were wrapped by these grains, caused a reduction of densification(Fig4. 2d). 
Further, higher temperatures promote coarsening rather than further densification. 
Besides, a very homogeneous microstructure without agglomerates or exaggerated 
grain growth was obtained at 1670°C (Fig4. 2c). 

Fig4. SEM micrographs of MgO-PSZ powers sintered at different temperatures: (a) 
1600°C, (b) 1650°C, (c) 1670°C, (d) 1690°C. 

The thermomechanical behaviour of the microstructure at elevated temperatures 
depends on many factors, such as the matrix material, distributions of pores, phase 
transformations and heat treatments, but, the most important reason is the thermal 
hysteresis [6], Materials cracking defects may be caused by thermal hysteresis, so it 
should be avoided. The more linear change of the thermal expansion has led to better 
thermal shock behavior of the samples. In Fig. 5 the thermal expansions during heating 
up and cooling down are listed. Sample which sintered at 1600°C exhibits a 
remarkable thermal hysteresis. The thermal expansions present a linear change with 
increasing sintering temperatures. Moreover, the value of the thermal expansion of 
sample sintered at 1670°C is higher than that is sintered at 1650°C. 
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Fig5.Thermal expansion of MgO-PSZ sintered at different temperatures up to 1450°C. 

Conclusion 

By the research of influence of sintering temperature on microstructure and properties 
of magnesia partially stabilized zirconia (3.5wt%MgO-PSZ) ceramics, the following 
conclusions can be obtained: 

(1)The properties of thermal expansion, densification, microstructures and phase 
composition were significantly influenced by sintering temperature. 

(2) With increasing sintering temperature, the amount of monoclinic phase decreased, 
the properties of thermal expansion presented a linear change and the densification 
increased in the initial stage and then reduced. 

(3) The densification of MgO-PSZ is affected by sintering temperature is proved by 
the SEM micrographs. 
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Abstract 

This work dealt with the evaluation of engineering structural clay brick samples that were 
sintered at estimated temperatures of 700 and 800°C. They were collected in a red-brick plant 
in Campos dos Goytacazes, RJ , Brazil. From a lot, a sample already sintered in its kiln at 
700°C were collected and also a sample from the same lot only dried by the air, which were 
then sintered at 800°C controlled temperature. The samples were subjected to Brazilian 
Standard tests (ABNT NBR 15270:2005) to determine their geometric, physical and 
mechanical properties. In order to be classified as structural clay brick it is required minimum 
3.0 MPa for the characteristic compressive strength (f,k) to be suitable for up to five floors 
structural building applications. We also used the Weibull Probability Plot and Weibull 
Maximum Likelihood Estimation to evaluate distribution parameters in order to compare the 
results of compressive strength obtained in the tests. 

Introduction 

One of the economic activities around Campos dos Goytacazes, Rio de Janeiro State, 
Brazil, is the production of red-ceramic artifacts. The municipality of Campos, for short, 
covering an area over four thousand km2 with a population over 450 thousand inhabitants 
[ 1 1 ] has — according to information from Sindicato dos Ceramistas de Campos (Campos 
Red-ceramic Union) — 1 1 2 associated companies, whose productions go around artifacts 
such as solid clay bricks, usual sealing clay bricks, engineering structural clay bricks, red-
ceramic tiles, red-ceramic blocks for precast slabs, among others. 

The raw material—natural clay—which is abundant in the nature and besides that has 
a reduced cost, is used in red-ceramic products manufacturing process. However, it presents 
a wide variability in terms of chemical, physical and mineralogical composition. The red-
ceramic products properties are extremely dependent on the ceramic masses composition and 
on the processing conditions employed in manufacturing them. In particular, the sintering 
temperature is a parameter which plays a great influence on the final mechanical properties. 
During the sintering process a set of very complex physical and chemical reactions takes 
place within the ceramic mass as the temperature is being raised. These reactions promote 
new ceramic phase's formations, which are decisive for final product physical-mechanical 
properties [16], This work dealt with the evaluation of engineering structural clay brick 
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samples that were burnt at estimated temperatures of 700 and 800°C in order to compare 
specially the results of simple compressive strength obtained by the tests. 

The Weibull Frequency Distribution Model (WFDM) is generally applied in several 
engineering problems such as the determination of the operational life and mechanical 
strength of industrial components. Its flexible formulation permits to emulate the majority of 
other frequency models. Indeed, the WFDM is often used to characterize brittle materials like 
ceramics, which may present defects that act as stress concentrators' elements [9], Usually 
the defects show a random distribution, conducting the mechanical strength evaluated by 
testing to present dispersion. The mechanical strength mean value is not sufficient to 
represent experimentally the ceramic product mechanical strength, it is essential to take into 
account the dispersion results. The WFDM may provide quantitatively this mechanical 
strength values dispersion. For instance, the Weibull modulus (P) provides an indication of 
the product mechanical strength, once the higher (3 indicates lower mechanical strength 
dispersion and consequently more homogeneity of the ceramic product. 

In 2003 a document was drawn up with the objective of establishing the criteria and 
requirements for constructing three to five floors residential buildings structure when it is 
composed mainly of structural masonry in projects financed by Caixa Economica Federal 
(CEF) — the main Brazilian agent for the Federal Government public policies [13]. The 
Federal Government social program for housing (Minha Casa Minha Vida) promoted an 
increase in red-ceramic products; in particular the structural clay bricks used in structural 
masonry construction system. In order to be accepted as structural clay brick its fck must 
present at least 3.0 MPa referred to the clay brick's gross area. 

The objective of the present work was to evaluate, by means of the WFDM and 
according to recommendations of the Brazilian technical norms ABNT NBR 15270:2005, 
structural clay bricks samples with nominal dimensions of 1 1 .5 x 19.0 x 39.0 cm (width, 
height, length) for building applications. Clay ceramic bodies were fabricated with addition 
of waste from broken ceramic pieces generated in the industry. The samples were subjected 
to standard tests to evaluate geometrical characteristics as well as physical and mechanical 
properties [2, 3 ,4, 5,6, 7, 8], 

The Brazilian standard recommends specific formulations to estimate the f,k of 
structural clay bricks. So the results obtained from the Brazilian norm [8] and the 
corresponding parameters obtained from the Weibull Probability Plot and Weibull Maximum 
Likelihood Estimation was compared. 

Weilbull Frequency Distribution Model 
The Weibull probability density function is defined as [10]: 

P(x-S)15"1 r - f i i P i i f(x) = ^ F ^ e [ ( e ) J 1 

where: 

(3 is the shape parameter also known as the Weibull Modulus; 
6 is the scale parameter; 
8 is the localization parameter. 
In the present work, the location parameter was considered null, since 8 ^ 0 drastically 

alters the values of (3 and 6. In fact, the location parameter refers to an initial constant value, 
which is recommended to be 8=0 for the present analysis. 

The Weibull distribution average and variance are defined by expressions on 
[14]. The Reliability function describes the probability to survive with time, or the probability of 
rupture as function of stress. This Reliability function is defined by expression on [14]. The Hazard 
function is associated with the instantaneous rate of rupture and can be used to characterize fractured 
structures. This function is defined by expression on [14]. Several methods may be applied to 
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estimate the Weibull parameters: Probability Plot, Hazard Plot, Maximum Likelihood Estimation 
(MLE), Modified Moment Estimation (MME) and Bayesian Estimation. In the present work both the 
Probability Plot and the Maximum Likelihood Estimation (MLE) were used as estimator for the 
parameters composing the Weibull analysis. 

The Rank Distribution is based on the determination of estimators F(xi), F(x2),..., 
F(xn) from an ordinate sequence of data: Xi, x2, ..., xn, corresponding to n samples with a 
cumulative distribution function F(x), with x as continuous. To estimate the value of F(xn) in 
the present work, the Mean Rank was adopted and defined by expression on [10], 

The Central Limit Theorem predicts that the larger the investigated number of 
samples, the more normal will be the distribution. In the present work 13 samples were 
considered for each heat treatment. This is the minimum number recommended by the 
Brazilian Standard ABNT NBR 15270:2005 for simple compressive strength tests. 

One of the methods used to determine the confidence interval of p is that of the 
Maximum Likelihood Estimation (MLE) which will be applied in the present work. The 
value of |3 is estimated by solving the equation on [17, 18], Where K is the [100(1 - a/2)]"1 

normal percent for 100(1 - a) as the percent limit. In the present investigation, for a limit of 
95%, K is equal to the 97.5th normal percent, which is equivalent to 1.96. 

The Maximum Likelihood Estimation (MLE) estimates the value of 0 by means of the 
expression on [17, 18], The present work considers the Location Parameter with zero value; 
S =0, according to Dodson recommendation [14], In this respect will be applied an academic 
software to implement the Maximum Likelihood Estimation (MLE) as well as the Probability 
Plot. 

Structural Clay Bricks Compressive Strength 
The Brazilian standard instead of requiring the sample simple compressive strength mean 

value it requires the sample structural clay brick characteristic simple compressive strength, 
which is calculated by formulations found on page 7-8 [8], The minimum value required, as 
mentioned before, is f,k = 3.0 MPa referred to the gross area to be classified as structural clay 
brick suitable for structural building applications. 

Materials and Methods 
The raw material used in a red-ceramic industry passed through characterization tests 

and hollow structural clay bricks manufactured with it passed through technological tests 
[2, 3, 4, 5, 6, 7, 8], The raw material used for manufacturing the structural clay bricks was 
taken directly from the mat that forwards to the extruder, where the bricks take the final 
shape. It is noteworthy that the manufacture of such structural clay bricks is given by 
extrusion using a mouthpiece with the required final shape. 

The industrial clayey mass collected was air dried and divided following the Brazilian 
standards, then was crushed in a porcelain mortar and classified by sieving for the fraction 
<40 mesh (0.425 mm = 425 |_im). The raw material physical characteristics were estimated by 
the particle size distribution determined through sieving and sedimentation combination 
process [4, 7], The Atterberg limits — Liquid Limit (LL) and Plasticity Limit (PL) — were 
determined in advance in order to estimate the Plasticity Index (PI) [3, 5], The Real Specific 
Gravity of the grains was estimated by using picnometers, following the Brazilian standard 
requirements [6], The structural clay bricks were collected in a red-brick plant in Campos dos 
Goytacazes, RJ , Brazil (Figure 1). 

Figure 1: Geometric shape of the hollow structural clay brick. 
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From a lot were collected a sample containing 20 clay bricks already burnt in its 
furnace at an estimated temperature of 700°C and also a sample containing 20 clay bricks 
from the same lot only dried by the air, which were then taken to the laboratory and burnt in a 
controlled muffle furnace at an estimated 800°C, although the minimum required are 
13 structural clay bricks for compressive strength testing. 

We also used the Weibull Probability Plot and Weibull Maximum Likelihood 
Estimation to estimate parameters distribution in order to compare the results of compressive 
strength obtained throughout the tests. 

Results 
The results for the characterization of the raw material used in manufacturing 

structural clay bricks and the technological tests results of the bricks sample are presented 
below and some comments are made. 

Raw material tests results 
The raw material sample collected was taken to the laboratory and submitted to drying 

process, lump breaking, four parts division and homogenization in order to be subjected to 
physical characterization. The particle size analysis was performed, which deals with the 
process to quantify the amount of soil fraction between predetermined diameters and express 
them as a relative percentage to the total sample. This test was done by wet sieving and 
sedimentation following the normative precepts [4, 7], 

The results obtained for characterizing the particle size of the raw material constitutive of 
the structural clay bricks are presented as percentages of the fractions of sand, silt and clay. It 
is considered clay fraction of a natural raw material the fraction which the particle size 
dimension is below 0.002 mm [15]. Table I shows the estimated particle size of the natural 
raw material tested. 

Table I - Particle size characteristics. 
Grains Diameter (mm) - ABNT NBR 6502:1995 - Rocks and Soils 2] 

C L A Y SILT 
SAND SANDSTONE 

C L A Y SILT 
Fine Medium Coarse Fine Medium Coarse 

0.002 0.06 0.2 0.6 2 6 20 
<0.002 to to to to to to to 

0.06 0.2 0.6 2 6 20 60 
Particle size characteristics 

SANDSTONE SAND 
SILT C L A Y 

Coarse Medium Fine Coarse Medium Fine 
SILT C L A Y 

- - - 1 . 10% 3.40% 8.10% 35.50% 51.80% 

The raw material is classified as a bit sandy silty clay (51.8% clay fraction, 35.50% 
silt fraction, 8.10% fine sand fraction, 3.40% medium sand fraction and 1.10% fraction 
coarse sand) [4], Observing the raw material particle size distribution studied in this work and 
considering several similar results obtained in the region of Campos for manufacturing red-
ceramic artifacts (30% < clay fraction < 70%) we are able to estimate that the clay mass is 
suitable for the red-ceramic industries in general [1, 15, 16], The determination of the grains 
real specific gravity, also called grains real density was made according to the Brazilian 
standard requirement [6], The raw material classified by sieving for the fraction < 40 mesh 
(ABNT, 0.425 mm) was used in order to determinate the Atterberg Limits. Assays were done 
to determine the Liquid Limit and Plasticity Limit, thus producing the Plasticity Index [3, 5], 
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Table II shows the mean values of five determinations of Atterberg Limits and Real 
Grains Specific Gravity. 

Table II - Atterberg Limits and Real Specific Gravity of the Grains 

Atterberg Limits Grains Specific 
Gravity (g/cm3) Liquid Limit Plasticity Limit Plasticity Index 
Grains Specific 
Gravity (g/cm3) 

59.8% 32.9% 27.0% 2.69 

The classification of the raw material by the Unified Soil Classification System 
(USCS) is that it is a little sandy, high plasticity silty clay (CH) once its Liquid Limit is over 
50%. The raw material has Atterberg limits within the range of values of kaolinitic raw 
material used by the red-ceramic plants on the region of Campos. The Grains Real Specific 
Gravity of the raw material studied is within the range of values of the ones on the region 
under study. The values found for the physical characteristics reveal themselves similar to 
those found by other researchers, showing the typical dominant clays for the region, which 
are used as raw materials for manufacturing several red-ceramic artifacts [1, 12, 15, 16]. 

Results for the structural clay bricks samples tests 
By definition, the structural clay bricks samples are taken randomly in a set from a 

batch to determine its geometric, physical, or mechanical properties. In this work 20 
structural clay bricks were collected to be analyzed, however, the Brazilian standard 
recommends that the minimum number required is normally 13 for simple compression 
testing and six for water absorption 24h testing [8], 

The dimensional test is an important step before the simple compression test, once 
there are codes and specification requirements for all dimensions of the structural clay bricks. 
They should have a prismatic shape and the gross areas must be measured (Width x Length), 
which correspond to the sections of the areas bounded by the edges of the structural clay 
bricks. Thus the hollows are not taken into account. Besides, both external and internal septa 
must be within normative requirements with minimum 8.0 mm and 7.0 mm averages 
respectively, with tolerance of ± 3 mm. It is noteworthy that the structural clay bricks are 
seated with hollows upright, as shown on Figure 1. 

On Table III it can be observed the dimensions mean values, the gross areas, the 
Ultimate Loadbearing and the Ultimate Tensile Strength for the structural clay bricks burnt at 
700 and 800°C. 

Table III - Dimensions (width, height, length), gross areas, Ultimate Loadbearing and 
Ultimate Tensile Strength. 

Structural clay bricks 
700°C 

(13units) 

Dimension (mm) Gross Area 
(m2) 

Ultimate 
Loadbearing 

(kN) 

Ultimate 
Tensile 
(MPa) 

Structural clay bricks 
700°C 

(13units) Width Heigth Length 

Gross Area 
(m2) 

Ultimate 
Loadbearing 

(kN) 

Ultimate 
Tensile 
(MPa) 

Mean values 114.8 183.8 394.8 0.05 135.7 3.0 

Standard deviation 1.48 1.48 1.48 0.000724 38.90 0.89 

Coeff. Var. (CV)% 1.29 0.81 0.37 1.60 28.67 29.63 

Structural clay bricks 
800°C 

(13units) 

Dimension (mm) Gross Area 
(m2) 

Ultimate 
Loadbearing 

(kN) 

Ultimate 
Tensile 
(MPa) 

Structural clay bricks 
800°C 

(13units) Width Heigth Length 

Gross Area 
(m2) 

Ultimate 
Loadbearing 

(kN) 

Ultimate 
Tensile 
(MPa) 

Mean values 1 17 .2 183.8 397.9 0.05 183.42 4.0 

Standard deviation 1.36 2.23 2.56 0.000782 32.35 0.69 

Coeff. Var. (CV)% 1.16 1.21 0.64 1.68 17.64 17.65 
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To be considered as structural clay brick its characteristic compressive strength should 
be at least 3.0 MPa referred to the clay brick's gross area. The coefficient of variation (CV) in 
measuring width, length and height was at most 1.29% for the ones burnt at 700°C and 1.16% 
for the ones burnt at 800°C, which indicates a dimensional uniformity. Both external and 
internal septa came to be within normative requirements, which fits the tolerance related to 
the effective dimensions average mentioned before. Regarding compression test, the study 
estimates f,k = 1.64 MPa for the clay bricks burnt at 700°C on the red-brick plan kiln and 
fbk = 3.03 MPa for the ones burnt at 800°C at the muffle furnace. For compressive strength it 
is required CV < 20% [13]. It is observed that only the clay bricks burnt at 800°C fits the 
requirement. 

Weibull Probability Plot and Weibull Maximum Likelihood Estimation of Weibull 
Parameters 

The Weibull Probability Plot and Weibull Maximum Likelihood Estimation analysis 
were applied on the compressive strength results obtained on both sintering temperatures in 
order to estimate de Weibull Parameters, which are presented on Table IV and V for the 
samples sintered at 700 and 800°C respectively. 

Table IV: Weibull Probability Plot and Weibull Maximum Likelihood Estimation of Weibull 
Parameters. Localization parameter 5=0, confidence level 95% , sample sintered at 700°C. 

Structural clay brick 
sample sintered at 700°C 

Weibull 
Probability 

Plot 

Weibull 
Maximum 
Likelihood 
Estimation 

Lower 
95% 

Confidence 
Limit 

Upper 
95% 

Confidence 
Limit 

Weibull Modulus, shape 
4.098 4.196 2.970 5.928 

parameter (|3) 
4.098 4.196 2.970 5.928 

Characteristic simple 
compressive strength, scale 
parameter (6) 

3.2 MPa - 2.83 MPa 3.56 MPa 

Mean value 2.89 MPa 2.89 MPa - -

Standard Deviation (SD) 0.7932 MPa 0.7755 MPa - -

R2 (R-Squared) 0.9019 - - -

Table V: Weibull Probability Plot and Weibull Maximum Likelihood Estimation of Weibull 
Parameters. Localization parameter 8=0, confidence level 95% , sample sintered at 800°C. 

Structural clay brick 
sample sintered at 800°C 

Weibull 
Probability 

Plot 

Weibull 
Maximum 
Likelihood 
Estimation 

Lower 
95% 

Confidence 
Limit 

Upper 
95% 

Confidence 
Limit 

Weibull Modulus, shape 
6.233 6.377 4.508 9.021 

parameter (P) 
6.233 6.377 4.508 9.021 

Characteristic simple 
compressive strength, scale 
parameter (6) 

4.22 MPa - 3.91 MPa 4.55 MPa 

Mean value 3.93 MPa 3.93 MPa - -

Standard Deviation (SD) 0.7345 MPa 0.7194 MPa - -

R2 (R-Squared) 0.9368 - - -
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Conclusions 

The results show that the raw material is a little sandy, high plasticity silty clay (CH) 
according to USCS. The raw material has Atterberg limits within the range of values of 
kaolinitic raw material used by the red-ceramic plants on the region of Campos dos 
Goytacazes, RJ , Brazil. The values found for the physical characteristics reveal themselves 
similar to those found by other researchers, showing the typical dominant clays for the 
region, which are used as raw materials for manufacturing several red-ceramic artifacts. 

Regarding simple compression test, the study estimates a characteristic strength 
fbk = 1.64 MPa for the sample of clay bricks sintered at estimated temperature of 700°C on 
the red-ceramic industry plant. This value is below the minimum 3.0 MPa required, so the 
sample can't be classified as structural. The sample of clay bricks sintered at estimated 
800°C controlled temperature on muffle furnace presented fi,k = 3.03 MPa, which fits the 
Brazilian standard requirements. 

Structural clay brick sample sintered at 700°C presented a mean value of 2.89 MPa by 
Weibull Probability Plot and Weibull Maximum Likelihood Estimation. The Weibull 
Modulus by both Estimation was almost the same value, (3 = 4.1. The Weibull Probability 
Plot Estimation presented: R 2 = 0.9019; SD=0.7932 MPa; fbk = 3.20 MPa. The Weibull 
Maximum Likelihood Estimation presented a Lower 95% Confidence Limit of 2.83 MPa and 
Upper 95% Confidence Limit of 3.56 MPa. 

Structural clay brick sample sintered at 800°C presented a mean value of 3.93 Mpa by 
Weibull Probability Plot and Weibull Maximum Likelihood Estimation. The Weibull 
Modulus by both Estimation was almost the same value, (3 = 6.2 . The Weibull Probability 
Plot Estimation presented: R 2 = 0.9368; SDK),7345 MPa; fbk = 4.22 MPa. The Weibull 
Maximum Likelihood Estimation presented a Lower 95% Confidence Limit of 3.91 MPa and 
Upper 95% Confidence Limit of 4.55 MPa. 

Taking into account that the raw material is classified as suitable for manufacturing 
red-ceramic artifacts and commonly used by the region red-ceramic industries, the 
differences observed were due to heat treatment differential. The heat treatment at controlled 
temperature indicates that the structural clay bricks may achieve the standard level 
requirements. The characteristic compressive strength found by the Brazilian standard 
formulation and the Lower 95% Confidence Limit found by Weibull Maximum Likelihood 
Estimation keep a difference of approximately 29%, although both demonstrate the 
compliance of structural clay bricks sintered at 800°C. On the other hand, the structural clay 
bricks sintered at 700°C on the red-brick plant kiln presented f,k value under the minimum 
required by the Brazilian standard using its formulation and the Weibull analysis. A 
difference of approximately 72% between the two approaches. The (3 for the structural clay 
bricks sintered at 800°C higher than the (3 for the structural clay bricks sintered at 700°C 
indicates lower dispersion values for mechanical strength and more homogeneity achieved by 
the 800°C heat treatment. The study indicates that the heat treatment should be at least 800°C, 
for manufacturing structural clay bricks suitable for building constructions applications up to 
five floors with better quality, which means f,k ^ 3.0 MPa. Besides, for compressive strength 
it is required CV < 20%, which only the structural clay bricks burnt at 800°C show Brazilian 
Code and Specifications requirement. 

References 
[1] ALEXANDRE, J. Analysis of the raw materials and composition of a clay body used in 
red ceramics (in Portuguese). Thesis (Doctor), State University of the Northern Rio de Janeiro 
-UENF. Campos dos Goytacazes, RJ , Brazil. 174 pp. (2000). 
[2] Brazilian Association for Technical Norms - ABNT. NBR 6502:1995. Rocks and Soils, 
(in Portuguese), Rio de Janeiro, RJ , Brazil. (1995). 
[3] Brazilian Association for Technical Norms - ABNT. NBR 7180:1984. Soil -

359 



determination of the plasticity limit in soils (in Portuguese). Rio de Janeiro, RJ , Brazil, 
corrected version, (1988). 
[4] Brazilian Association for Technical Norms - ABNT. NBR 7181:1984. Soil - particle size 
analysis of soils, performed by sieving or by a combination of sieving and sedimentation (in 
Portuguese). Rio de Janeiro, RJ , Brazil, (1984). 
[5] Brazilian Association for Technical Norms - ABNT. NBR 6459:1984. Soil - method for 
determining the liquidity limits soil (in Portuguese): NBR 6.459. Rio de Janeiro, R j, Brazil, (1984). 
[6] Brazilian Association for Technical Norms - ABNT. NBR 6508:1984. Soil - method of 
determining the specific gravity of soil grains passing through the sieve of 4.8 mm (in Portuguese), 
Rio de Janeiro, RJ, Brazil, (1984). 
[7] Brazilian Association for Technical Norms - ABNT. NBR 6457:1986. Preparation for 
compaction tests and characterization tests (in Portuguese): NBR 6457. Rio de Janeiro, R j, Brazil, 
(1986). 
[8] Brazilian Association for Technical Norms - ABNT. NBR 15270:2005. Ceramic 
Components (in Portuguese). Rio de Janeiro, RJ , Brazil, (2005). 
[9] ASKELAND, D.R; PHULÉ, P.P. The Science and Engineering of Materials, 5th ed., 
Thompson Engineering, (2005). 
[10] KAPUR, K.C. ; LAMBERSON, L. R. Reliability in Engineering Design. John Wiley & 
Sons, (1977). 
[11] Instituto Brasileiro de Geografia e Estatística (IBGE) - CENSO 2010 (in Portuguese). 
In: <http://www.ibge.gov.br/>. (2010). 
[12] MILLER, C. P. Determination of mechanical parameters and numerical modeling in 
structural masonry ceramic blocks of Campos dos Goytacazes industry (in Portuguese). 
Thesis (Master), Civil Engineering. State University of the Northern Rio de Janeiro - UENF. 
Campos dos Goytacazes, Rio de Janeiro, RJ , Brazil. 161p. (2008). 
[13] SABBATINI, F. H. Structural Masonry: materials, structure and implementation of 
technological control (in Portuguese). Caixa Econòmica Federal (CEF).36 p. (2003). 
[14] DODSON, B. The Weibull Analysis Handbook, 2nd ed., ASQ Quality Press, (2006). 
[15] PEDROTI, L. G. Study conformities in relation to ABNT pressed and fired clay blocks 
(in Portuguese). Thesis (Master), Civil Engineering. 97 p. (2007). 
[16] XAVIER, G. C. Strength, durability and changeability of red ceramic incorporated with 
granite waste (in Portuguese). Thesis (Master) Civil Engineering. State University of the 
Northern Rio de Janeiro - UENF. Campos dos Goytacazes, Rio de Janeiro, RJ , Brazil. 202 p. 
(2006). 
[17] PRABHAKAR, D.N.; XIE, M.; JIAN, R.Weibull Models (Wiley Series in Probability 
and Statistics), Wiley Interscience, (2003). 
[18] ABERNETHY, R. The New Weibull Handbook: 5th Edition, Reliability and Statistical 
Analysis for Predicting Life, Safety, Risk, Cost and Warrant Claims. Robert Abernethy 
Editor, (2006). 

360 



Characterization of Minerals, Metals, and Materials 2015 
Edited by: John S. Carpenter, Chenguang Bai, Juan Pablo Escobedo, Jiann-Yang Hwang Shadia Ikhmayies, 

Bowen Li, Jian Li, Sergio Neves Monteiro, Zhiwei Peng andMingming Zhang 
TMS (The Minerals, Metals & Materials Society), 2015 

BRAZILIAN BENTONITE SUBMITTED TO MILD ACID 
TREATMENT UNDER MODERATED CONDITIONS 

C.G. Bastos Andrade'1*'; V.F. Justo(1); D.M. Fermino(1); 
M.G.S. Valenzuela(1); C. Volzone(2); F.R. Valenzuela-Diaz(1) 

1Laboratory of Non Metalic Materials Persio de Souza Santos 
Department of Metallurgical and Materials Engineering — Universidade de Sao Paulo 

Zip Code 05508-900 - Sao Paulo - SP - Brazil 
2 CETMIC Centro de Tecnologia de Recursos Minerales y Ceramica, Argentina 

*gianesic@usp. br 

Keywords: clays, acid attack, nanocomposites, bentonite 

ABSTRACT 

The present paper presents the study of light green smectite clay, from Paraiba, Brazil, 

submitted to mild acid attack under moderated conditions. Usually, clays are subjected to 

treatment with strong inorganic acids at temperatures near the boiling point and at high acid 

concentrations and then, widely used as bleaching agents. The treatment occurred under 

bellow boiling temperature and at short times of reaction (90°C, reaction times of 1, 6, 12, 18 

and 24 hours in close reactor, concentration of the aqueous solution of hydrochloric acid 1.5 

M, clay/acid solution ratio of lg/lOmL). The purpose of these attacks is to reduce the 

concentration of impurities providing color, with minimal change in the clay minerals 

structure, aiming at use in products of high value such as cosmetics and polymer/clay 

nanocomposites. The raw clay and the attacked samples were characterized by X-ray 

diffraction (XRD), cation exchange capacity (CEC), stereomicroscopy, scanning electron 

microscopy (SEM) and energy dispersive X-ray detector (EDS). 

1 INTRODUCTION 

The industrial application of bentonites is vast, mostly used in oil industry as drilling fluids, 

in pharmaceutic and cosmetics as dissecant, in the food industry as oil bleaching, among 

others applications. For those aplications, bentonites needs to be clean of mineral impurities. 

Acid attack is a common method that provides a specific area increased by structure 
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disorganization, mesopores and mineral impurities cleaning. Other benefit of acid attack is 

improving of acid sites with more porosity, excellent properties when apply in catalysis [1-6]. 

Several groups have studied the clays preparation using acid attack with high concentration 

aiming to obtain bleaching, producing a clear color clay, or similar, mostly used in bleaching 

process or oil, grease and organic, minerals and animals fat. The industrial use for clays is 

also based on exchangeable cations and clay minerals properties [7-9], 

Geologic origin of clays determinates a classification as bentonites, however, there is a 

common agreement that if the smectite clays presents the same properties of traditional 

bentonites and/or is commercialized to the same use, those clays can be classified as 

bentonites, which have a high grade of colloidal material, absolving capacity and activation 

capacity [10-13], 

Among the bentonites for industrial use there are bentonites with highly water absorvation 

and non-water absorvation. The sodium interlayer is responsible for the capacity of 

bentonites absorvation instead those not, have calcium as a preponderate cation [14,15], 

The polycathionic bentonite from Paraiba, Brazil is smectite clay with non-preponderate 

interlayer cation with light color providing by low iron concentration [16]. 

The light green smectite within methodologies for the production of bleaching clays may be a 

good alternative to material raw. The economic advantages over imported clays used in 

processes to obtain products with high value as cosmetics and nanocomposites. 

2 MATERIALS AND METHODS 

Start Materials 

The light green smectite clay, in its natural form, was from Paraiba's State, Brazil was 

submitted to mild acid attack using a concentration of the aqueous solution of hydrochloric 

acid 1.5 M, clay/acid solution ratio of lg/lOmL, at 90°C under bellow boiling temperature 

and at short times of reaction 1, 6 , 12 , 18 and 24 hours in close reactor. 

The attacked clay was washed, by filtration, with distilled water until pH 7-8, and then 

subjected to drying at 60°C for 24 hours. 

After drying, the clay was grounded using a manual mortar and vibratory ball mill until 

completely pass through #200 mesh sieve. 
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Materials Characterization 

The raw clay and the attacked samples were characterized by X-ray diffraction (XRD), cation 

exchange capacity (CEC), stereomicroscopy, energy dispersive X-ray detector (EDS) and 

scanning electron microscopy (SEM). 

The XRD were performed on diffractometer model X'Pert Pro MPD (Panalytical) with Cu 

anodes; scan from 5° to 90° 2G; 40kV and 35mA. 

The scanning electron microscopy (SEM) and energy dispersive X-ray detector (EDS) was 

performed on scanning electron microscopy, Philips - EDAX INSPECT 50 with energy 

dispersive x-ray detector (EDS). 

To observe the clay was used a stereomicroscopy Zeiss, model Stemi 2000C. 

CEC was performed using the ammonium acetate method. 

3 RESULTS AND DISCUSSION 

Figure 1 shows the X-ray diffraction curves of light green smectite submitted only to H2O for 

24h at 90°C, we observe that the d(ooi) characteristic smectitic peak at 15,05A with intensity 

of 120 counts. As impurity the sample presents quartz with a peak at 3,3A and an intensity of 

255 counts. 

Figure 1. X-ray diffraction curve of Light green smectite, H20 24h at 90°C. 
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Figure 2 shows the XRD curve of Light green smectite submitted to mild acid attack during 

24h at 90°C. The d(ooi) smectitic peak is present at 15,62Ä with an intensity of 100 counts. 

The quartz, with peak at 3,33Ä presents intensity of 340 counts. 

Figure 2 - X-ray diffraction curve of the Light green smectite, HC1 24h at 90°C. 

Table I presents the interplanar distance of the d(ooi) smectite peaks for the samples attacked 

at different times and its intensities. The table shows also the intensities of the quartz peaks at 

3,33A. 

Table 1. d(ooi) smectitic peaks, smectitic peaks intensities, and intensities of the quartz peaks for the 
samples of Light green bentonite attacked for different times. 

Sample Smectitic peak 
d(ooi) ( A ) 

Smectitic peak 
intensity 
(counts) 

Quartz peak at 3,33 Ä 
intensity (counts) 

24h in water 15,05 150 255 
lh attack 14,53 100 290 
6h attack 15,14 90 590 
12h attack 15,38 80 250 
18h attack 15,31 70 300 
24h attack 15,62 100 340 

The intensity of the smectitic d(ooi) peak tend to diminish its intensity with the time of attack 

as the acid have more time to destroy the octahedral sheet of the clay mineral. The increase of 

the quartz peak with the time of acid attack is a possible indicative of the dissolution of part 
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of the clay minerals. It was verified that the clays submitted to mild acid attack during long 

times presented more bleaching than others. 

The figures 3 and 4 presents the EDS results for samples treated with water for 24h and HC1 

for 24h at 90°C. Is possible to observe the peak reduction of metals, that indicates a good 

result of purification at sample treated with HC1 for 24h. 

Figure 3 - EDS results of light green smectite treated with H20 for 24h 

Figure 4 - EDS results of light green smectite treated with HC1 for 24h 
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Table 2 presents the CEC values, that tends to diminish after treatment, with the time of 

attack with the 24 hours attacked sample having only 70% of the original value. 

Table 2 - CEC results of light green smectite treated. 

Sample CEC (meq/100g) % of the no attacked sample 
24h in water 41,30 100 

lh attack 38,29 92,72 
6h attack 37,63 9 1 , 1 1 
12h attack 33,27 80,55 
18h attack 31,33 75,86 
24h attack 28,99 70,20 

At the stereomicroscopy image 1 is possible observe the impurity particles into the sample 

treated with water for 24h. 

Image 1 - Micrographie of light green smectite treated with H20 for 24h 

At the stereomicroscopy image 2 the sample, treated with HC1 for 6h, is clean of impurity 

particles. 

Image 2 - Micrographie of light green smectite treated with HC1 for 6 h 
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The images of SEM micrographie are the sample treated with water and with HC1, both for 

24h at 90°C. 

Image 3 - SEM micrographie of light green smectite treated with H20 for 24h 

Image 4 - SEM micrographie of light green smectite treated with HC1 for 24h 

The lamellar structure of the samples is agglomerated in layers, mostly in same size. This is a 

possible indicator of the no complete destruction of crystal structures of smectite. 

4 CONCLUSIONS 

The light green smectite sample submitted to mild attack acid demonstrated a good response 

to the bleaching and purification at reaction time of 6 hours with a good preservation of 

crystalline structure and a significant bleaching and quartz purification. 
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The most evident modifications in decolorizing and CEC occurred in the first 12 hours of 

acid treatment. 

In accordance with the methodology presented and from the results acquired, decrease the 

concentration of impurities that provides color, with no great change in the clay minerals 

structure, aiming at use in products of high value such as cosmetics and polymer/clay 

nanocomposites revealed an economical and environment efficient alternative. 
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Abstract 

Ceramic materials exhibit dispersion results after being subjected to various levels of 
stress, from the point of view of mechanical strength. With the focus on sustainable 
development and to improve the strength of these material, was incorporated ornamental 
rock waste into clay in up to 10% in mass to conform some samples, that was fired to 
750°C, 850°C and 950°C and submitted to technological tests. This paper presents an 
analysis of the technological properties of the samples through the use of Weibull statistic 
to determine which the best firing temperature for these red ceramic materials. The 
Weibull Modulus indicates a greater homogeneity for samples with 10R at 950°C. 

Introduction 

According to the International Council for Research and Innovation in Building and 
Construction (CIB), the durability is the capacity that a product, component or 
construction has to keep your performance up the minimum specified levels in order to 
meet the requirements in each specific situation [1], 
About that, especially regarding the structural aspect, becomes important to analyze the 
durability of materials, since durability is closely related to the performance and safety of 
a construction. 
Looking for the increase of durability of ceramics, [2] indicated the use of granite waste 
in red ceramics pieces for obtaining greater strength and less open porosity and [3] 
showed the possibility of using of this waste, showing an increase of durability over the 
service life of the material. 

Thus, further searching improve the flexural strength (FS) and durability of red ceramic 
pieces, data of FS will be analyzed by Weibull Distribution in order to determinate the 
best firing temperature for this material. 
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The Weibull distribution describes the probability of the material fails when submitted to 
a given FS level [4, 5], The equation [6] that describes the Weibull distribution is [Eq.l]: 

Where o0 is the tension before the material begins to fail, oR is a referential tension value, where the 
probability of failure is 0.632. 

Therefore, by the use of Weibull distribution, it can be analyze as the fractures behave in 
group of samples. Thus, it is possible to determine, by the Weibull modulus, where are 
the greater mechanical stability and the best firing temperature. 

For this study, we used the following materials: clay from the municipal district of 
Campos-RJ and ornamental rock waste from Cachoeiro do Itapemirim, Espirito Santo 
state. 

The Quantitative Chemical Analysis tests were carried out in the Materials 
Characterization Laboratory - LECIV/CCT/UENF. The samples were sieved on #325 
mesh (0.045mm) and the drying process involved the temperature of 110°C. Was used the 
energy dispersive X-ray equipment, model Shimadzu EDX-700. 

The Differential Thermal Analysis were carried out in the Polymer Laboratory -
LAMAV/CCT/UENF and was used 30 mg of each sample, in a nitrogen atmosphere, 
with a heating rate of 10 °C/min up to 1020°C. 

The samples were prepared with clay incorporated with three different waste 
contents (i.e. 0%, 5%, and 10%) and, to ensure the homogeneity of samples, the mass was 
reduced according to [7], At first, the ornamental rock waste powder was sieved on #40 
mesh (0.42mm) and the retained material was discarded. Next, the pass-through material 
was ground to pass through sieve #60 mesh (0.25mm). 

After mixing the samples with 0%, 5% and 10% waste (identified as OR, 5R and 
10R, respectively), the ceramic pieces were molded in prismatic shapes of 11 .70 cm x 
2.70 cm x 1.70 cm. The number of pieces (5) and the measures was based on [8, 9] 
standards. 

The drying process involved the temperature of 110°C, and the firing process 
involved 750°C, 850°C and 950°C in an electronic oven. 

After firing, the ceramic pieces were submitted to a three loading point flexural 
strength test according to standard procedure [8] and also to the tests according to [9], 
The obtained results represent the average of 5 determinations. The three loading point 
flexural strength test was carried out with a loading rate of 0.5 mm/min with a distance of 
9.0 cm between supports on INSTRON 5582. 

(Eq.l) 

Materials and Methods 
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Results 

Table 1 - Chemical Analysis 

Raw 
Materials 

S ¡ 0 2 (%) 
AI2O3 (%) F e 2 0 3 (%) 

K2O 
(%) 

T¡0 2 (%) 
S 0 3 

(%) 
CaO 
(%) 

M n O 
(%) 

V 2 0 5 (%) 
Z r 0 2 (%) 

CuO 
(%) 

Z n O 
(%) 

SrO 
(%) 

Clay 48.83 35.46 8.87 3.17 1.62 1.13 0.54 0.14 0.10 0.03 0.03 0.03 0.01 

Residue 50.09 17.60 12.47 3.70 1.83 1.56 12.39 0.19 0.55 0.03 0.02 0.04 

The Table 1 shows the composition of SÍO2+AI2O3 over 84% characterizes 
refractory clay. The clay color after fired is a consequence of 8.87% of Fe2C>3. The K 2 0 
and the CaO into clay in proportion of 3 . 17% and 0.54% respectively, are burning and 
melting agents and form eutectics, contributing to reduce the porosity of the material. The 
SO3 present into clay has a deleterious effect due to the output of the gas of the pieces, 
breaking them. 

For the ornamental rock waste, the silica content is about 50% and the AI2O3 is 
over than 17%, indicating chemical compositions of primary minerals (quartz, feldspar 
and minerals of the mica's group). The content of Fe2C>3 (12.48%) contributes to the red 
color of the pieces after mixing with the clay. The K 2 0 (3.70%) present into ornamental 
rock waste are important at the firing process because reduce the porosity in the finished 
material. 

Figure 1 - DTA/DTG curves of clay. 

By the DTA/DTG curves (Fig. 1) it is possible to note an endothermic event at 260°C 
with a loss of 1.9% in mass, associated with a gibbsite hydroxyl loss. An event at 475°C 
associated with a kaolinite hydroxyl loss, with a loss of 2.6% in mass and at the end, an 
endothermic band at 910 °C associated with the transformation from metakaolinite to 
spinel, with a loss of 6.9% in mass. The total mass loss totalize 1 1 .4%, typical behaves 
for clays from Campos - R J [10], 
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Figure 2 - DTA/DTG curves of ornamental rock waste. 

For the ornamental rock waste, the DTA/DTG curves show an endothermic event with a 
little intensity at 574.14% due to the transformation from a-quartz to |3- quartz, associated 
with a loss of 1.86% in mass, and a medium intensity endothermic event at 688.44°C due 
to the mica hydroxyl loss. 

The results of the technological tests are shown in the following figures. 
For the water absorption (W.A.) and the flexural strength (FS), the found results 

are: 

Figure 3 - Water Absorption of red ceramic pieces incorporated with ornamental 
rock waste fired at 750°C, 850°C and 950°C. 

The results presented in Figure 3, shows values between 21% and 25%, indicating 
an increase of AA in the samples with 5R, and an reduction of AA in the samples with 
10R. The smaller percentage of AA was found at 750°C in the samples incorporated with 
10% of waste, this result can be associated with the presence of the fluxes oxides (Table 
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1). The incorporation of 10R reduces the AA, independent of the firing temperature, 
showing better results than OR. 

Figure 4 - Flexural Strength of red ceramic pieces incorporated with ornamental 
rock waste fired at 750°C, 850°C and 950°C. 

In the Figure 4 it is possible to note a resistance increase tendency for the ceramics, 
independent of the percentage of waste. The incorporation of 5R and 10R increases the 
FS, showing better results than OR. This result can be associated with the presence of K20 
(Table 1). 

The results showed strength gains for samples with 0% of waste for all 
temperatures, for samples with 5% of waste fired at 750°C and 850°C and for samples 
with 10% of waste fired at 950°C. 

It was used Weibull Statistics to evaluate changes associated with mechanical 
strength when the firing temperature and the percentage of waste was changed. 

The Figure 5, 6 and 7 shows the Weibull Plot comparisons for the samples with OR, 
5R and 10R fired at different temperatures. 

In the graph it's possible to determine, by the slope of the line, the Weibull modulus 
(m). The m value is a good standard for the analytical quality of ceramic materials [1 1] , 
and his value represents a risk of rupture and characterizes the dispersion of the TRF data 
[6], 

It's desired that the value of m is as large as possible. Higher the value of m, higher 
is the homogeneity of the batch. Thus, the determination of the Weibull modulus can 
shows what or which temperatures are the most appropriated for a smaller dispersion of 
defects. 
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Figure 5 - Weibull distribution: samples with OR fired at 750°, 850° and 950°C. 

According to the Fig. 4, the results at 750°C presented the small medium values 
for all waste additions, however, by the Fig. 5, the batch presents a behave more 
homogeneous (m = 6,7), with a small probability of failure. It can indicate that at 750 °C, 
the deformation of the material is smaller than to other temperatures. 

Figure 6 - Weibull distribution: samples with 5R fired at 750°, 850° and 950°C. 

By the Fig. 6, the biggest value of Weibull Modulus was 9.5 at 750°C with 5R 
thus, this batch is the most homogeneous. The material showed a higher Weibull 
modulus, when compared with the Fig. 5, it ensuring the homogeneity and shows an 
influence of the ornamental rock waste, independent of the firing temperature. 
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Figure 7 - Weibull distribution: samples with 10R fired at 750°, 850° and 950°C. 

The incorporation of 10R of ornamental rock waste into clay intensely influencied 
at Weibull modulus (m=28,3), at 950°C. This batch was more homogeneous, i.e., with a 
less propability of failure. The samples presented a bimodal distribution, typical of the 
Weibull distribuction. 

Conclusion 

- The ornamental rock waste has K 2 0 > 3%, contributing to decreasing of the porosity, as 
happens for 10R samples at all temperatures; 
- The K2O melts at low temperatures forming glassy structure on cooling, decreasing the 
porosity; 
- The clay has a refractory character due to the high content of SÍO2 + AI2O3 and her 
color is due to the presence of Fe2C>3> 8%; 
- The DTA/DTG of clay shows a typical kaolinitic clay behavior with a mass loss of 
11.76%; 
- The DTA/DTG of ornamental rock waste is steady up to 1020°C, with an expansion 
from a-quartz to P-quartz at 574,14°C, with a mass loss of 1.86%; 
-The Water Absorption was lower at 10R, independet of the firing temperature; 
- For the TRF, there wasn't statistical difference for the incorporation of ornamental rock 
waste at the same temperature. Only with the incorporation of 10R there were differences 
between the averages and their respective deviations. It can be seen in Fig.3 where low 
water absorption achieved value; 
- Evaluating the Weibull distribution, the highest value of module (m = 28.3) was 
observed at 950 0 C with 10R, showing a greater homogeneity of the batch. However, it 
can be noted that the Weibull modulus for OR and 5R, was more influenced at 750 °C. 
This may become another alternative in terms of lower energy consumption. 
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Abstract 

Amorphization and martensitic transformation (Ms) characteristics of Ti-Ni-Cu alloy ribbons prepared 

by melt spinning were investigated by means of differential scanning calorimetry and X-ray diffraction. 

In these experiments particular attention has been paid to change the wheel linear velocity from 21 to 

63 m/s. Then the cooling rates of ribbons were controlled. The effect of this cooling rate and alloy 

composition on martensitic transformation behavior is discussed. 

Introduction 

Ti-Ni-Cu alloys have been attracting attention by their high performance of shape memory effect 

and decrease of thermal and stress hysteresis in comparison with Ti-Ni binary alloys [1,2,3], The 

martensitic transformation temperature (Ms) and the transformation hysteresis are very sensitive to a 

deviation of the stoichiometry or additional alloying elements [4], Therefore, research on the 

transformation behavior of shape memory alloys as a function of composition variation has been 

extensively performed in recent years. However, rapidly solidified Ti-Ni alloy ribbons have been 

known to have the shape memory effect and superelasticity superior to the alloy ingots fabricated by 

conventional casting [5,6], Generally there are four advantages of rapid solidification over the slower 

conventional solidification techniques. These are an ability to form metastable phases, increasing the 

solubility above the equilibrium solubility, decreasing the segregation of additions, and refining the 

microstructure. It is considered that all of these effects have been attempted to improve shape memory 

effects in the rapidly solidified ribbons. In the present study, shape memory behavior of Ti-Ni-Cu 

alloys ribbons fabricated at different cooling rates by the melt spinning was investigated and the 

influence of the rapidly solidified on shape memory behavior of Ti43.5Cu37.sNiis.7 (at.%) alloy was 

studied. 
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Experimental procedure 

The experimental studies have been performed using a laboratory scale single roller melt spinning 

device operating in high vacuum atmosphere. Pre-synthesized Ti43 5Cu37sNiis.7 (at.%) alloy were 

prepared by melting high purity nickel, copper and titanium in an arc melt system. Alloy ingots of 5 

mm><5 mmxlO mm were cut and were placed into quartz crucibles of internal diameter 10 mm. The 

chamber of the melt spinning system had been evacuated to less than lxlO"4 Pa before re-melting. 

When the melt temperature reached the expected temperature, it was ejected through the nozzle with a 

circular shaped orifice on the outer surface of the rotating quenching wheel made of copper. The 

diameter of the orifice was 0.5 mm, the ejection pressure was 40 kPa and distance from the tip of the 

nozzle to the wheel surface was 300 pm throughout the study. The crystal structures of the ribbons 

were investigated by XRD diffraction using Cu K a radiation. For the study of martensitic 

transformation behavior of the ribbons, the differential scanning calorimetry (DSC) measurements have 

been performed at heating and cooling rate of 10 K/min. 

Results and discussion 

The increase of the linear wheel velocity from 21 to 63 m/s results in a decrease of the ribbon 

thickness from 190 pm to 70 pm. As the increase of linear wheel velocity leads to a reduced ribbon 

thickness, the heat transfer coefficient at the quenching wheel-ribbon interface is enhanced and the 

cooling rate increases [7], Therefore, this result clearly indicates that variations in the melt spinning 

wheel velocity allow the effective control of the cooling rates in melt spinning process. 

In order to analyze the solidification structure of the ribbons, XRD experiments were carried and the 

results obtained from the free side and wheel side of the ribbons are shown in Figure 1, for a linear 

wheel velocity of 21 m/s. Diffraction peaks of the B2 parent phase and the B19 martensite were 

observed simultaneously. The diffraction peaks on wheel side are smaller than diffraction peaks on free 

side. This difference is attributed to the fact that the on wheel side cooling rate is higher than on free 

side cooling rate of the ribbons. 
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Figure 1. XRD patterns of the ribbon fabricated at 21 m/s wheel velocity from: (a) the free side and (b) 

wheel side. 

For linear wheel velocity of 63 m/s, diffraction peaks show that a perfect amorphous ribbon can be 

produced from this alloy (Figure 2). When the ribbon is produced at a higher linear wheel velocity in 

melt spinning, the degree of undercooling becomes high because of its thinner thickness [8], Eventually 

the amorphous ribbons without any crystal phases can be produced in Ti43.5Cu37.sNiis.7 alloy at the 

highest cooling rate. 

Figure 2. XRD patterns of the ribbon fabricated at 63 m/s wheel velocity from: (a) the free side and (b) 

wheel side. 

Figure 3 shows DSC curves of the as-spun ribbons fabricated at the different linear wheel 

velocities. The ribbons fabricated at the linear wheel velocity of 21 m/s show one exothermic and 

endothermic peaks on cooling and heating of DSC curves as shown in Figure 3(a). This splitting of 

DSC peaks was also found in the Ti-Ni30-Cu20 alloy ribbons prepared by melt spinning, which was 
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attributed to the fact that one-stage transformation of the B2-B19 occurred in the alloy ribbons heavily 

strained by rapid solidification process [9], The Ms (the B2-B19 transformation start temperature) was 

measured from Figure 3. The ribbons fabricated at the linear wheel velocity of 63 m/s show no DSC 

phase transformation peaks are visible on the curve of as-spun ribbon, indicating that as-spun ribbon is 

fully amorphous (Figure 3(b)). This result is in good agreement with the result of XRD experiment that 

the ribbon is amorphous as shown in Figure 2. 

Figure 3. DSC curves of the ribbons fabricated at the wheel velocities of: (a) 21 m/s and (b) 63 m/s. 

It has been reported that an amorphous ribbon can be fabricated in Ti-35 at.% Ni-25 at.%-Cu alloy 

by melt spinning and the crystallized ribbon exhibits a small transformation hysteresis and an excellent 

superelastic shape recovery [10]. The perfect amorphous ribbons can be also produced in 

Ti43 5Cu37)sNii8)7 (at.%) alloy by melt spinning and they are expected that excellent shape memory 
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characteristics can be achieved by controlling the microstructures of crystallized ribbons after proper 

heat treatment. 

Conclusions 

Structural analysis of melt-spun Ti43 5Cu37 sNiis.7 (at%) alloy ribbons showed that the proportion of 

amorphous solidification at the chilled side of the ribbon increased with wheel velocity. A perfect 

amorphous ribbon can be produced from this alloy by melt spinning when the ribbon is fabricated at a 

wheel velocity of 61 m/s. The splitting of DSC curves in the ribbon of part amorphous and part crystal 

is ascribed to the microstructual inhomogeneity introduced by rapid solidification. Based on these 

experimental results it is concluded that the martensitic transformation behavior could be controlled 

without chemical contributions by means of structural modifications achieved by the rapid 

solidification. 
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Abstract 
The Co-19 at.%Al-6 at.%W alloy was prepared by two methods of casting. We used arc melting 
under an argon atmosphere with casting into a copper water-cooled casting mold and induction 
melting furnace with casting into a ceramic A1 2 0 3 mold. According to the X-ray and SEM 
analyses, phase compositions depend on the cooling rate of the ingot after melting. After arc 
melting, the cast alloy has a three-phase structure, consisting of y cobalt (FCC), intermetallic 
phases CoAl (B2) type, and Co3W (DOI9) type. After the induction melting, the alloy has a 
three-phase structure, consisting of y cobalt (FCC), intermetallic phases CoAl (B2) type, and 
Co7W6 (|_i) type. All phases in the investigated ternary alloy at the room temperature are 
ferromagnetic. Curie temperatures of all obtained phases were defined. It is shown that the 
magnetic properties of the studied alloy are typical for soft magnetic materials. 

Introduction 

Co-Al-W alloys are very interesting scientifically. Such alloys are considered as promising heat-
resistant materials. Cobalt-based intermetallic alloys are comparable in strength to nickel 
superalloys [1-4], the latter being paramagnetic [4], In contrast, cobalt-based heat-resistant alloys 
have properties of ferromagnetic materials. Cobalt has the highest Curie temperature ( 1 1 2 1 °C) 
among all known ferromagnets. This allows one to create cobalt-based materials with desired 
magnetic properties, such as the soft or permanent magnets [5], Phase diagrams of the binary Co-
W system have been studied in [6], It is known that tungsten reduces the Curie temperature of 
the cobalt solid solution down to 865 °C at 6 at.% W. The Co-Al system has both paramagnetic 
(B2-CoAl) and ferromagnetic (cobalt solid solution) phases. Aluminum reduces the Curie 
temperature of the alloy down to 840 °C at 7 at.% Al [7], The Co-Al-W system has both cobalt 
solid solution and different intermetallic compounds [1], However, the isothermal sections of this 
phase diagram have been constructed only at high temperatures (> 900°C) [1-2, 8-12] and 
magnetic studies in this system are absent in the literature. The Co-Al-W alloys refer to the 
materials with large differences in their melting temperatures and in the specific weights of the 
alloying components. Therefore, the method of casting may have a significant impact on the 
structure and phase composition of the alloys, because of the nonuniform distribution of the 
chemical elements throughout the ingot. Usually, different mechanical processing (rolling, 
forging, hydrostatic extrusion) combined with the temperature aging can be used to improve the 
homogeneity of the samples. 
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In this report, we present a study of the structure and magnetic properties of the cobalt-based 
alloy (Co-19 at.%Al-6 at. %W) obtained by different methods of casting. 

Experimental Procedure 

The Co - 19 at.%Al - 6 at.%W alloy was prepared by two methods of casting: arc melting with 
casting into a cupper water cooling mold and melting in an induction furnace with casting into a 
ceramic (AI2O3) mold. The resulting cylindrical ingots with a diameter of 18 mm were tested in 
four conditions: (1) cast, (2) cast + annealing at 1200°C-10h followed by water quenching, (3) 
cast + forging at 1200 °C, (4) cast + forging + annealing at 1200 °C-10h followed by furnace 
cooling. 

The structure and chemical composition of the alloys were studied using a scanning electron 
microscope (JSM 6490). Phase compositions of the alloys were investigated with the X-ray 
diffractometer DRON-3 with the Cu K a , X= 0.15418 nm radiation. Magnetic properties were 
studied using the magnetometer Lake Shore 7407. Measurements were done in an argon 
atmosphere, the magnetic fields were varied up to 17 kOe, the temperatures were changed from 
20°C up to 1000°C, the frequency was 82 Hz, and the vibration amplitude was 1.5 mm. Relative 
errors of the measurements were below 1%. 

Results and Discussion 

The X-ray diffraction patterns of the samples show that the phase composition depends on the 
casting conditions and heat treatments (Figure 1). 

Figure 1. X-ray diffraction patterns: a- Sample 1; 
b- Sample 2; c- Sample 3; d- Sample 4. 
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Sample 1 has three phases: y - phase cobalt-based solid solution (FCC), CoAl (B2), and C03W 
(DO19) (see Figure la). After the heat treatment at 1200°C and water quenching (Sample 2), the 
diffraction lines of the DO19 phase disappeared (see Figure lb). According to the equilibrium 
phase diagram, the alloy of this chemical composition at the temperature of 1200°C should 
correspond to the two-phase area y+ (3 (B2) [8-10], Samples 3 and 4 were melted in an induction 
furnace followed by the furnace cooling of the ingot. Although these samples also have a three-
phase composition, we found the Co7W6 phase (p-phase) instead of the DO19 phase. This phase 
composition was retained after high temperature forging followed by a slow air cooling (Sample 
3, see Figure lc). After the heat treatment at 1200°C-10h followed by a slow furnace cooling, the 
sample had the same three-phase y+ C0AI+ Co7W6 composition (Sample 4, see Figure Id). 

Microstructure of the studied samples is shown in Figure 2. The structure of Sample 1 consists of 
the alternating areas of the solid solution (y-phase) and the Co(Al,W) (B2) phase. Thin plates of 
the CO3(A1,W) (DO19) phase were found inside the areas of the solid solution (see Figure 2 a). 
After the heat treatment at 1200°C-10h followed by water quenching, the DOig-phase plates were 
dissolved (see Figure 2b). The microstructure of the forged sample (Sample 3) contains the 
small-sized p-phase particles (Figure 2c), whose numbers increase after the heat treatment 
followed by a slow furnace cooling (Sample 4, see Figure 2d). 

Figure 2. SEM results of the samples: a- Sample 1; 
b- Sample 2; c- Sample 3; d- Sample 4. 
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Average chemical compositions of the samples obtained by statistical processing of 5 
measurements are presented in Table I. As can be seen from the Table I, the average chemical 
compositions of the alloys obtained by the different methods of casting differ from each other. 
Cast sample (Sample 1) obtained by arc melting followed by fast quenching has considerable 
heterogeneity of the chemical composition. High-temperature homogenization of this alloy 
(Sample 2) equalizes the chemical composition of cobalt and aluminum throughout the ingot. We 
have used a precooked Co-Al alloy for melting of the samples by induction furnace and obtained 
more uniform chemical composition of the ingots. 

Table I. Chemical composition of the samples, at.%, SEM (EDS) 
Element Initial composition of 

the alloy (batch) 
Sample 1 
(cast) 

Sample 2 
(cast + heat 
treatment) 

Sample 3 
(forged) 

Sample 4 
(forged + heat 
treatment) 

CoK 75 77.05 73.15 72.41 72.95 
AlK 19 18.46 22.45 21.52 21.29 
Wl 6 4.50 4.40 6.07 5.76 

Chemical compositions of the different phase areas are presented in Tables II-IIL The chemical 
composition of the Co(Al,W) (B2) phase is similar to the value obtained in [ 1 1 ] for the Co-18.5 
at.%Al-6.3 at.%W alloy, where the B2 phase contained 26.9 at.%Al and 4.5 at.%W. 

Table II. Chemical composition of Sample 2, at.%, SEM (EDS) 
Element | y-phase (FCC) | Co(Al,W) (B2) 
CoK 74.89 72.51 
AlK 20.63 23.02 
Wl 4.48 4.46 

Table III. Chemical composition of Sample 3, at.%, SEM (EDS) 
Element | y-phase (FCC) | Co(Al,W) (B2) | Co7W6 (|_i-phase) 
CoK 79.31 67.25 48.96 
AlK 13.63 27.58 3.78 
Wl 7.06 5.17 47.17 

The appearance of the intermetallic Co3W phase in the alloy obtained by arc melting (Sample 1) 
can be attributed to the cooling rate of the ingot. Fast quenching allows the sample to pass 
through the high temperature area of the equilibrium phase diagram and bypass the low 
temperature area. Our results show that the studied part of the phase diagram contain the high 
temperature area of the D0i9 phase and low temperature area of the |_i-phase. This explains the 
discrepancy between the experimental results on the Co-Al-W phase diagram obtained by 
different authors. For example, a vertical slice of the equilibrium phase diagram in [12] contains 
the |_i-phase area, but the same temperature part of the phase diagram in [1] contains the DO19 
phase. 

Figures 3-4 present the dependence of the specific magnetization CT on the value of the magnetic 
field H when increasing magnetization up to 17 kOe. We find that all investigated samples have 
high specific saturation magnetization cs = 37-63 emu/g and their saturation induction B s = 0.5 -
0.82 T. Figure 3 shows portions of the hysteresis loops near zero specific magnetization. The 
coercive force (at cs = 0) is minimal in Sample 1 (cast, arc melting) and increases under heat 

388 



treatment and forging. The results of the magnetic studies show that the hysteresis loop is 
narrow. This is typical for soft magnetic materials, which can be easily magnetized and 
remagnetized [5], 

Figure 3. Results of the magnetic studies, 
zero crossing. 

Effects of the casting conditions and thermo-mechanical treatments on the magnetic properties 
can also be seen in Figure 4. Saturation magnetization cs is reduced (by a factor of 1.5) in the 
samples containing p-phase. 

Figure 4. Hysteresis loops: 1- Sample 1; 
2- Sample 2; 3- Sample 3; 4- Sample 4. 

Curie temperatures of the different phases can be estimated from Figure 5. All investigated 
samples have a ferromagnetic state up to 800°C; sufficiently high values of magnetization cs 
(emu/g) ~10 are preserved up to 730°C. Three Curie temperatures may be seen in Figure 5a for 
Sample 1: ~800 K, 1000 K, and ~1100 K. Sample 3 also has three magnetic phases with the 
Curie temperatures of ~600 K, ~920 K, and ~1100 K. In Sample 4, (see Figure 5c), one can see 
only two Curie temperatures, ~600 K and ~1000 K; a broadening of the second peak should also 
be noted. 
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Figure 5. Results of the magnetic studies, H=100 Oe: a- Sample 1; 
b- Sample 3; c- Sample 4. 

Taking into account the X-ray and SEM results, the elimination method allows us to suggest that 
the Curie temperatures of ~600 and ~800 K belong to p-phase (Co7W6) and Co3W-phase, 
correspondingly. According to the equilibrium phase diagram, most of the high-temperature 
phase is (3 (B2) in the alloy of this chemical composition; the two-phase y+p (B2) area exists up 
to almost 1380°C [10]. Therefore, the definition of the Curie temperatures of these high-
temperature phases requires further investigation. 

Conclusions 

1. Method of casting (especially the rate of cooling) followed by a thermo-mechanical 
treatment, significantly affect the chemical homogeneity, phase composition, and 
magnetic properties of the Co-19 at.%Al-6 at. %W alloy. 

2. The intermetallic Co7W6 phase (p-phase) reduces the value of the saturation 
magnetization and increases the coercive force; this phase decreases the service 
properties and is undesirable for the Co-Al-W alloys. 

3. The best magnetic properties were found in the three-phase sample y+P(B2)+Co3W 
obtained by arc melting followed by a fast cooling. Annealing of this alloy at 1200°C-10h 
followed by quenching allows one to remove the Co3W phase and to equalize the 
chemical composition of the alloy. 
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Abstract 

The properties of lithium titanates anodes in Li-ion batteries are highly dependent on their 
secondary constituents. While their main phase is usually constituted of Li4Ti5Oi2, significant 
quantity of lithium titanates compounds of various stoichiometry are often present, due to either 
the processing, usage or aging of the material. These may go underreported, as many of these 
spectrums overlap or display low signal in X-ray diffraction (XRD). Samples of nanosized 
lithium titanates synthetized by inductive plasma were characterized by XRD and scanning 
electron microscopy (SEM), as they provide a regular yet typical crystallite size and shape 
including multiple phases. A Rietveld refinement was developed to extract the composition of 
these samples. Mass balance through further annealing and differential scanning calorimetry 
(DSC) enthalpy measurements from phase transformations were also used as identification and 
validation techniques. 

Introduction 

Lithium titanates have been studied as candidates for Li-ion anode material over the last two 
decades. Li4Ti50i2 has demonstrated exceptional durability and safety features due to some of its 
rare characteristics such as the negligible strain during lithium insertion and its flat voltage 
profile [1], Furthermore, the lack of a standard solid electrolyte interface (SEI) eases its use in 
nano sized format and power intensive applications. However, the full description of such 
material and their impurities can prove difficult. 

The coexistence of multiple compounds in pseudo-binary mixtures restricts the characterization 
enabled by elemental analysis. The characterization of lithium titanates presents additional 
complexity, as many allotropes are present, the diffraction patterns of many major compounds 
overlap significantly and lithium presents both a weak response to X-rays and some volatility at 
annealing temperatures. The Rietveld method represents an interesting approach to solve these 
issues, should it be proven to be effective under these specific constraints. 

The Li4Ti5Oi2 spinel is typically produced by the annealing of Ti02 (anatase) and Li2C03 [2], 
Depending on the temperature, the annealing duration, the stoichiometry and the quality of 
mixing in the reagents, some Ti02 (anatase), Ti02 (rutile), Li2C03> Li2Ti307 , Li4Ti5Oi2 and 
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Li2Ti03 may be present. Furthermore, aging reactions in-between the water or CO2 present in air 
and the lithium rich surface of nanoparticles have been documented [3]. Even trace amount of 
these impurities can have significant impact on the functionalization of the material, as their 
electrical and ionic conductivities vary by many orders of magnitude [4], Pure crystals of 
Li4Ti5OI2 spinel have been grown using flux [5] and pulsed laser deposition [6], This determined 
that a plasma plume precursor can allow for a very high crystallinity while inductive plasma has 
also been demonstrated for the production of various lithium titanates nanoparticles in air plasma 
[7], Hereby is presented the first report of nanoparticles of lithium titanates produced in an argon 
and helium plasma, which displays fairly regular shape and an intrinsic mixing. This type of 
plasma requires less energy than air plasma to achieve extremely high temperature, which could 
allow for better energy efficiency [8], while the variety and mixing achieved should help identify 
any blending and secondary effects. The product was characterized by SEM, DSC and XRD, to 
which Rietveld refinement was applied and validated through annealing. The effect of ball 
milling was also tested, as it constitutes a way to ensure proper mixing, yet it may distort the 
relative intensity of peaks, which represents one of the main ways to distinguish in-between 
Li4Ti5OI2 and P-Li2Ti03 in the diffraction pattern [9], Hereby are also disclosed some of the first 
analysis towards the application of DSC as a high sensitivity tool in the identification of P-
Li2Ti03 in Li4Ti5OI2 anodes. 

Materials and methods 

The exhaust from a 50 kW plasma torch (PS-50, TEKNA Plasma Systems) was injected in a 
water cooled reactor and filtering apparatus, as illustrated in Figure 1. These were operated under 
40 kW, 66 kPa, with helium as the sheath gas and argon as the central and powder carrying gas. 
The solid reagents were Ti02 (anatase) 99.9% and Li2C0 3 99.9%, ball milled and sieved together 
and fed axially at 6 g/min. 

Figure 1. Experimental setup. 

The material was kept under inert atmosphere to contain undesirable reactions. X-Ray diffraction 
was conducted using an X'pert Pro MRD device, under a Bragg-Brentano configuration with a 
CuKa source. The Jade 10 software was employed for the Rietveld refinement. SEM imagery 
was completed with a metallized ethanol dispersion and a Hitachi S-4700 device, while the 
differential scanning calorimetry was completed under nitrogen atmosphere and a 10 °C/min 
heating ramp on a DSC 404 F3 Pegasus from Netzsch. The Table I identifies the plasma 
production runs. 

Table I. Stoichiometry of the feedstock. 
Identification of the test Molar Ratio Li:Ti 

A 
B 

0,8 
1 
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The samples were ball milled for one and a half minute at a 30 Hz frequency in a Retsch MM300 
device. Following a typical procedure, annealing was realized in air at 800°C. 

Results 

The produced material was sampled on the reactor walls (R) and in the filters (F) in tests A and 
B. The SEM imagery indicated a bimodal distribution, composed of nano sized, partly 
agglomerated and mostly spherical particles, ranging mostly from 20 nm to 100 nm. The 
presence of some residual partially vaporized spheres in the micrometers range was also noticed. 

Figure 2. Viewat(a) 1500Xand(b) 100 000 X of Test A (R). 

X-ray diffraction was then realized on four samples throughout four steps of processing: as 
produced, ball milled and annealed 2h and 8h. To minimize any sampling error, the same small 
specimen of material was followed throughout the processing for each sampled area. This small 
size also minimized the thermal inertia, but increased the relative volatility. Some partial results 
are shown in figure 3. 

Figure 3. XRD patterns of the material from the test A (F); as produced, as milled and after 
annealing at 800°C. 
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These patterns were treated through the Rietveld refinement developed for that application. The 
main results are listed in table II & III and demonstrated how some reactions took place within 
the annealing process. 

Test A (Reactor walls) Test A (Filters) 
% Compound Original Milled 2h 8h Original Milled 2h 8h 
Li4Ti5Oi2 22,1 22,8 62,6 84,6 17,2 20,5 47,9 62,6 
Li2Ti03 25,4 26,4 19,3 6,8 40,0 43,0 40,6 32,1 
Li2Ti307 36,6 38,3 0,6 0 25 24,8 0 0 
Ti02 (rutile) 3,4 3,8 17,5 8,6 1,9 2,3 1 1 ,5 5,3 
Li2C0 3 7,9 4,8 0 0 7,8 4,6 0 0 
Ti02 (anatase) 4,7 3,8 0 0 8,1 4,8 0 0 

Residual (%) 12,94 1 1 ,72 13 , 13 13,66 12,36 10,81 13,68 13,70 
E.s.d. (%) 6,01 4, 1 1 6,06 6,00 6,07 4,05 5,60 5,96 

Table III. Quantification of test B through the Rietveld method. 
Test B (Reactor walls) Test B (Filters) 

% Compound Original Milled 2h 8h Original Milled 2h 8h 
Li4Ti5Oi2 27,7 29,1 46,0 56,5 28,6 29,8 44,1 53,8 
Li2Ti03 42,6 41,0 39,3 32,8 48,3 50,2 49,1 42,8 
Li2Ti307 23,5 24,1 0 0 12,3 13 0 0 
Ti02 (rutile) 1,2 1,5 14,7 10,7 0,7 0,8 6,8 3,3 
Li2C0 3 5,1 4,4 0 0 6,9 4,6 0 0 
Ti02 (anatase) 0 0 0 0 3,1 1,6 0 0 

Residual (%) 13,55 11,64 13,76 13,49 11,68 10,84 14,76 15,50 
E.s.d. (%) 6,01 4,17 6,02 5,97 5,92 4,05 5,64 6,01 

As illustrated in tables n& IE, the ramsdellite was quickly consumed at 800°C, in a way that 
mainly appeared to correspond macroscopically to the following equations. 

1 LÌ2TÌ3O7 2 Ti02 (rutile) + 1 Li2Ti03 

2 LÍ2TÍ3O7 1 Ti02 (rutile) + 1 Li4Ti5Oi2 

(1) 
(2) 

Similarly, the lithium carbonate reacted readily and the titanium oxide was subject to the phase 
transition from anatase to rutile [2]. 

2 Li2C03 + 5 Ti02 Li4Ti5Oi2 + 2 C0 2 

Li2C0 3 + Ti02 Li2Ti03 + C0 2 

Ti02 (anatase) Ti02 (rutile) 

The final reaction [2] appeared to be significantly slower under these conditions. 

2 Li2Ti03 + 3 Ti02 (rutile) Li4Ti5Oi2 

(3) 
(4) 
(5) 

(6) 
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These are supported by the evolution of the crystallite size, which also illustrated a lower 
crystallite size after milling for all phases. This quantification, based on Scherrer's equation, is 
illustrated in Figure 4. The error was estimated by the estimated standard deviation (e.s.d.), and it 
showcases that the effects are significant. 

Figure 4. Crystallite size in sample from test A collected in the filters. 

Mass balance was conducted on the treated sample to establish a true error evaluation to be 
compared with the e.s.d. evaluated by the software, as shown in table IV. 

Table IV. Consecutive absolute errors in quantification. 
Indicator Mlling Annealed 2h Annealed 8h 
Averaged weight loss (%) N/A 5.41 0.58 
Consecutive averaged measured error (% Li 20) -0.35 0.84 -0.11 
Consecutive sample standard deviation (% Li 20) 0.48 1.84 0.44 
Combined Software e.s.d. (% Li 20) 0.31 0.28 0.30 
P-value of the error estimates (F-test) 0.40 0.00034 0.43 

The enthalpy of phase transition from P-LÌ2TÌO3 to Y-LÌ2TÌO3 was also evaluated through 
subtraction of a linear background, as it presented clear and relatively symmetrical peaks. 

Figure 5. DSC measurement of phase transformation in the sample A (R). 

This was computed with the enthalpy of phase transformation approximated from the equations 
proposed by Kleykamp [10]. These evaluations are summarised in table V. 
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Table V. Phase transition from P-Li2TiC>3 to y-Li2TiC>3 by Differential Scanning Calorimetry. 
Sample Median temperature (°C) Enthalpy (J g-1) Equivalence in ß-Li2Ti03 

Test A (R) 962 2,0 1 ,9% 
Test A (F) 963 22,6 2 1 , 8 % 
Test B (R) 964 15,8 15,3 % 
Test B (F) 966 14,2 13,7 % 

Discussion 

The analysis of plasma synthetized material presents a significant advantage in its spheroidal 
shape, which restrains the probability of preferential orientation and permits a regular packing. 
Notably, Li2TiC>3 and rutile have been shown to display preferential orientation [4], Li^tTisO^ 
has also been grown according to a few orientations [6], Furthermore, the absence of amorphous 
humps is coherent with the high crystallinity expected from the plasma process. This improves 
the anticipated precision from the mass balance approach and facilitates the deconvolution by the 
Rietveld method, as the number of meaningful parameters is diminished. Yet, an extra level of 
care had to be taken in the selection of potentially interdependent variables, as they easily led to 
instability in the algorithm due to critical points representing false minimums. This composition 
appears particularly susceptible to errors resulting from averaged position values in-between 
Li2Ti03 and Li^tTisO^, correlation between displacement and asymmetry and induced 
enlargement of smaller peaks with significant redundancy. Despite that, the composition 
quantification of table IV depicts an underestimated error following the first annealing, which 
may be the consequence of unquantified lithium-rich phases, such as Li20. 

Figure 6. Residuals from the Rietveld refinements, from the sample A (F), as produced. 

Some confusion remains in relation to the Li2Ti03 allotropes. While thermodynamics implies 
that y-Li2Ti03, and possibly a-Li2Ti03, may have been present at the synthesis point, these 
would have been exposed to temperatures mostly ranging from 300°C to 900°C inside the 
reactor for the duration of the production run. This may have been sufficient to complete their 
transformation. As illustrated in Figure 6, limiting the Rietveld model to the presence of |3-
Li2Ti03 generated indications of high temperature y-Li2Ti03 in the residual XRD pattern, but 
these were not conclusive. The y-Li2Ti03 presents a pattern essentially covered by the P-Li2Ti03 
phase, in which the minor diverging peaks present redundancy with other phases, and as such, 
the residual pattern can possibly be partly explained by preferred orientation and anisotropic 
broadening. Moreover, a two-phase model generates a diminution in residual, but is actually 
detrimental to the mass balance error measured. That statistical improvement is indeed partly 
related to an external phenomenon. It has been documented [ 1 1 ] that Li2Ti03 generated at high 
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temperature presents a large atypical asymmetric peak at 26 angles between 20° and 25°. This 
pattern is visible in the samples collected. It is also worth noting that running the refinement with 
both p and y phases returns a similar total amount of Li2Ti0 3 , hence it cannot be discarded on the 
basis of the lithium mass balance. In the interest of a thorough investigation, the presence of the 
low temperature hexagonal LÍ2TÍ3O7 phase was scrutinized, nonetheless it was not identified. 

The limited milling applied appears to have little effect over the measured composition from the 
X-ray diffraction, as it displays a level of variability in the Rietveld quantification within the 
range expected from the technique. That variability does present a pattern, as milling appears to 
lower the refined measurement over the quantity of the precursor materials Li 2C0 3 and anatase 
by an average of about 30%. Residual precursor materials are expected to be the result of partial 
vaporization and to be coarser than the bulk of the material. These should present a diameter 
under 80 pm as a result of sieving, but may be larger than 10 pm, as a result of the 
agglomeration of the soft lithium carbonate during grinding of the feedstock. This is not ideal as 
particles over 10 pm have been shown to induce micro absorption [9], It would be reasonable to 
assume that the higher apparent density observed after the milling increases the relative visibility 
of the nano sized phase, as they varied in a similar proportion. This is supported by the data on 
the crystallite size, for it appears improbable that such short milling induced such important 
reduction in crystallite size. 

Differential scanning calorimetry did confirm the presence of P-Li2Ti03, but the analysis 
engendered some significant margin of error. The phase transition can be partial and only occurs 
in presence of a Ti02 rich phase, as the P-monoclinic phase possesses a low solid solubility and 
is otherwise stable until 1 155°C. Some of the error margin may come from the deconvolution of 
the data, due to the slower kinetics of some reactions. These reactions also prove restricting, as 
some may consume or produce P-Li2Ti03, which explains part of the discrepancies observed in 
Table VI. However, it proves fortunate that the decompositions of Li4Ti50i2 in Li2Ti3C>7 and y-
Li2Ti03 is among these slower reactions [12], as some of these reactions share a similar 
temperature point with the monoclinic to cubic transition. Moreover, as the nanosized materials 
often present a high interstitial porosity, they may exhibit very low thermal conductivity, which 
can offset significantly the measured peaks. 

Table VI. Comparative results in % P-Li2TiQ3 between DSC and XRD. 
Sample DSC Two phases Rietveld 

Test A (R) 1,9 8,9 
Test A (F) 21,8 16,0 
Test B (R) 15,3 13,2 
Test B (F) 13,7 21,0 

Some marginal error was induced by the decomposition of Li 2 C0 3 and, to a lesser extent, by the 
vaporization of lithium. Additionally, the incertitude on the referenced transition enthalpy is 
fairly important. Yet, it still appears that the DSC constitutes a very useful tool to detect the 
frequent impurities of P-Li2Ti03, as the method presents a high sensibility and this phase would 
usually be associated to Li4Ti5Oi2 and Ti02 (rutile), as a result from the kinetics of annealing. 

Summary and conclusions 

The Rietveld method can enable a proper quantification of lithium titanates, yet the usual 
approach for error estimation does sometimes underestimate the effective deviation. While 
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distinction between LÌ4TÌ5O12 and LÌ2TÌO3 can be achieved to some level of accuracy, the 
distinction in-between allotropes of LÌ2TÌO3 presents additional challenges in complex blends of 
lithium titanates. Limited ball milling of the plasma-produced sample was shown to have limited 
effect, relative to a higher apparent density and a proportionally reduced representation of the 
larger particles in the sample, while the volatility of LÌ2O during annealing was shown to 
potentially have some significant effects. 

DSC was demonstrated under a marked diversity of impurities as a powerful tool to identify the 
presence of P-LÌ2TÌO3, as the distinctive peak from the phase transformation from P-LÌ2TÌO3 to 
Y-LÌ2TÌO3 is well marked, but further analysis would be required to improve its quantitative 
potential. 
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Abstract 

Magnesium borohydride and Magnesium alanate were synthesized by mechanochemical 
metathesis reaction. The thermal decomposition behaviors of Mg(BH4)2-nMg(AlHi)2(n=0.5,l) 
systems were investigated as potential hydrogen storage materials. The results showed that the 
systems started to desorb H2 at 120 °C and desorbed 3.9 wt.% and 4.9 wt.% H2 below 300 °C 
when n equals 0.5 and 1 , respectively, while individual Mg(BH4)2 started to desorb H2 at 250 °C 
and desorbed only 0.82 wt.% H2. Because of the exist of the Mg(AlHt)2, the isothermal 
desorption kinetics of Mg(BHt)2 in the Mg(BH4)2-0.5Mg(AlH4)2 systems was 50% faster than 
that of pristine Mg(BH4)2. In addition, the re-hydrogenation rates also increased 49.4% and 
37.9%. 

Introduction 

Hydrogen energy is known as the green energy carrier in the 21 s t century because of its 
abundant resources and high energy density. In order to promote the application of hydrogen 
energy, a safe, efficient and economic way for hydrogen storage is crucial. In recent years, metal 
borohydrides have attracted considerable interest as one of the best potential hydrogen storage 
materials due to their high gravimetric and volumetric hydrogen capacities[1-5], Among the 
metal borohydrides, magnesium borohydride, for its relatively high gravimetric hydrogen 
capacity (14.9 wt.%), volumetric hydrogen densities ( 1 1 2 kg/m3) and the relatively low 
decomposition temperature (285 °C)[6], has been regarded as a promising candidate for practical 
hydrogen storage. 

Over the past few years, many studies have been given to the combination of Mg(BH4)2 and 
some other light metal hydrides, in order to improve its hydrogen storage properties. Yang et 
al.[7] has reported that the sample of Mg(BH4)2-LiAlH4 in the mole ratio of 1 :2 started 
decomposing at ca. 120 °C and released 1 1 .0 wt.% H2 at 600 °C, which was improved 
significantly compared with pure Mg(BH4)2. At the same time, the combined system in the mole 
ratio of 1 :2 was able to desorb 6.0 wt.% H2 below 300 °C, while pure Mg(BHt)2 just began to 
decompose. However the improvement was ascribed to the metathesis reaction took place during 
the milling time (Eq.(l)), and the hydrogenation efficiency of the Mg(BH4)2-2LiAlH4 system at 
an initial H2 pressure of 100 bar and 300 °C reached 87%, mainly because of the re-generated 
LiBHi and MgLb by hydrogenation, but Mg(BH4)2 is also partially reversible. 

Mg(BH4)2+2LiAlH4^Mg(AlH4)2+2LiBH4 (1) 

Among the group of alkali and alkali-earth metal alanates, Mg(AlH4)2 has very high 
theoretical hydrogen capacity (9.3 wt.%) and rather low decomposition temperature (< 150°C)[8], 
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Mg(AlH4)2 was first synthesized by direct wet chemical synthesis in 1950s by Wiberg and 
Bauer[9] and its thermal decomposition behavior was reported as follows (Eqs. (2) and (3)). 

Mg(AlH4)2^MgH2+2Al+3H2 (2) 

MgH2+2Al-^AbMg2+^Al+H2 (3) 

On the other hand, the presence of A1 can destabilize the decomposition ofLiBELi by means 
of the formation of AIB2 phases in the dehydrogenation process[10]. Moreover, in situ formed A1 
or A1 alloy was reported to be better in improving the hydrogen storage properties than the added 
A1 particles[ll]. At the same time, Jiang et al.[12] found that the different Al-sources from 
LiAlH4 exhibit a similar improving effect on the dehydrogenation properties ofMg(BH4)2. 

Herein, a binary system ofMg(BH4)2-Mg(AlH4)2 was designed and prepared by ball milling. 
The dehydrogenation properties of the composites were systematically investigated, and the 
reversible hydrogen storage property was also discussed in this article. 

Experimental details 

The source materials ofNaAlttt (95%, J&K), NaBttt (98%, Alfa-Aesar) and MgCh (99%, 
Alfa-Aesar) were obtained commercially. Mg(BH4)2 was synthesized by direct wet chemical 
synthesis from NaBH4 and MgCh based on reaction (4) and diethyl ether was used as a 
solvent[13], 

2NaBH4+MgCl2^Mg(BH4)2+2NaCl (4) 

MgCb+2NaAlH4^Mg(AlH4)2+2NaCl (5) 

A mixture ofNaBTLt and MgCh (in a molar ratio of 3 : 1 ) was ball-milled in diethyl ether at a 
rate of 400 rpm for 24 h in a planetary ball mill. A further desolvation under vacuum was 
conducted at 160 °C for 12 h followed by treatment at 220 °C for 3 h in order to remove the 
diethyl ether completely. Mg(AtHi)2 was synthesized with the mixture of NaAlTLt and MgCh in 
the molar ratio o f 2 : 1 based on reaction (5) at a rate of 400 rpm for 4 h in a planetary ball mill. 
Although the reaction product contains a significant amount of inert salt as by-product, it does 
not contain any solvent adduct which can strongly influence on the thermal decomposition 
behavior of Mg(AlH02. The mixtures ofMg(BH4)2-Mg(AlH4)2 with a mole ratio of 1:0.5 and 1:1 
were mechanically milled at 100 rpm for lh(FRITSCH-P4) under argon atmosphere with a ball-
to-power ratio of 20:1. The stainless steel balls were 8 mm in diameter. All handling was 
performed in a glove box (MBRAUN) filled with high purity argon atmosphere where the water 
and oxygen concentrations were kept below 0.1 ppm. 

The temperature-programmed desorption (TPD), kinetic properties, and reversibility were 
measured by a volumetric method using an automatic apparatus from SUZUKI HOKAN.CO., 
LTD. The sample was heated up to 500 °C at a heating rate of 5 °C/min in a reactor initially 
under vacuum for the TPD measurements. In order to study the reversibility of the samples, the 
ball milled samples were dehydrogenated at 350 °C for 2 h, and then were hydrogenated at the 
same temperature with an initial hydrogen pressure of 4 MPa for 2 h. 
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Results and discussion 

In the previous study[14], magnesium alanate was synthesized via a metathesis reaction of 
NaAELt and MgCh in a solvent such as diethyl ether or THF. However, it was not succeeded in 
preparing a pure product[15], and instead of using a solvent as ion carrier to promote chemical 
reaction, a high energy ball milling method was adopted without any solvent. NaCl was not 
removed because it doesn't have any effect on the mixtures. 

XRD patterns and F U R spectrum of the as-milled Mg(BHt)2-nMg(AlH4)2(n=0.5,l) systems 
are shown in Figures 1 and 2, respectively. It can be seen that only Mg(AlHi)2 and NaCl were 
detected by XRD, moreover, no pressure changed during the ball milling, indicating that no 
reaction occurred during ball milling. F U R results of Mg(BH4)2-nMg(AlH4)2(n=0.5,l) showed 
the B-H stretching bands in the region between 2450 cm"1 and 2220 cm"1, and the B-H bending 
bands at 1120 cm"1, indicating that Mg(BH4)2 became amorphous phase during the ball milling. 
There also existed the Al-H stretching bands at 1837 cm"1 and the Al-H bending bands at 642 
cm"1 [8,16], The peaks at 1640 cm"1 could be attributed to the water molecules present in the 
atmosphere of the sample capsule during the FTIR measurement process. These results clearly 
show that no reaction occurred between Mg(BH4)2 and Mg(AlH4)2 during ball milling. 

Figure 1. XRD patterns of the as-milled Mg(BH4)2-nMg(AlH4)2(n=0.5,l) systems. 

TPD curves of the Mg(BH4)2-nMg(AlH4)2(n=0.5,l) combined systems are shown in Figure 
3. For comparison, the synthesized Mg(BH4)2 and Mg(AlH4)2 are also shown. In order to 
eliminate the effect of NaCl by-product on the decrease of the de hydrogénation weight, we only 
take into account the mass of the materials which can desorb hydrogen. It can be seen all the 
combined systems show stepwise de hydrogénation behaviors. Individual Mg(AlH4)2 decomposes 
corresponding to the reactions (2) and (3)[17] and individual Mg(BH4)2 starts to desorb hydrogen 
at around 250 °C, corresponding to the decomposition of Mg(BH4)2 to MgFb and B; and the 
MgH2 decomposes at 390 °C[4], For Mg(BH4)2-nMg(AlH4)2(n=0.5,l) system, the first stage 
started at around 110 °C, which is almost the same as Mg(AlH4)2. About 3.0 wt.% and 4.2 wt.% 
H2 were desorbed for Mg(BH4)2-nMg(AlH4)2 systems at this stage for n=0.5 and 1, respectively. 
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Figure 2. FFTR spectrum of the as-milled Mg(BH4)2-nMg(AlHi)2(n=0.5,l) systems. 

Figure 3. FPD curves of the Mg(BFLt)2-nMg(AlF[4)2(n=0.5,l) combined systems. 

The second dehydrogenation stage of Mg(BH4)2-0.5Mg(AlH4)2 started at ca. 250 °C, and 
ended at ca. 410 °C. The second dehydrogenation stage of Mg(BH4)2-Mg(AlH4)2 system also 
started at ca. 250 °C, and ended at ca. 390 °C, which was slightly lower than Mg(BH4)2-
0.5Mg(AlH4)2 composite. When the temperature reached 500 °C, the total desorbed Fb was 12.3 
wt.% and 11.4 wt.% for Mg(BH4)2-nMg(AlH4)2 systems with n=0.5 and 1 , respectively, a little 
lower than that of as-synthesized Mg(BFLt)2. However, the composites candesorb about 3.9 wt.% 
and 4.9 wt.% H2 when n=0.5 and 1 below 300 °C, respectively, while the pristine Mg(BH4)2 can 
only desorb 0.82 wt.% H2. 

The desorption rate is an important property of hydrogen storage materials for the practical 
application. Figure 4 shows the isothermal dehydrogenation results for the Mg(BH4)2-
nMg(A 1H4)2(n=0.5,1) composites compared with pure Mg(BH4)2 at 350 °C within 4000s. It can 
be seen that the Mg(BH4)2-nMg(AlH4)2(n=0.5,l) systems release about 9.6 wt.% and 8.5 wt.% 
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Yb with n=0.5 and 1, reached 76.6% and 73.5% of their theoretical hydrogen storage content, 
respectively, while the individual Mg(BH4)2 release 8.5 wt.%, only reached 57.2% of its 
theoretical hydrogen storage content. 

Figure 4. Isothermal desorption kinetics of the Mg(BH4)2-nMg(AlH4)2(n=0.5,l) composites. 

In order to analyze the effect of Mg(AlH4)2 on the improvement of Mg(BH4)2, we eliminate 
the contribution of Mg(AlH4)2 on the total hydrogen desorption content. We regard the total 
isothermal dehydrogenation contents deduct the isothermal dehydrogenation content of the 
individual Mg(AlH4)2 as the isothermal desorption weight of Mg(BH4)2 in the Mg(BH4)2-
nMg(AlH4)2(n=0.5,l) systems. As shown in Figure 5, it can be seen that at the initial time, 
Mg(BH4)2 in the Mg(BH4)2-nMg(AlH4)2(n=0.5,l) systems started dehydrogenation, about 500 
seconds earlier than pure Mg(BH4)2. At the same time, in the Mg(BH4)2-nMg(AlH4)2(n=0.5,l) 
composites, Mg(BH4)2 candesorb 7.35 wt.% and 5.56 wt.% H2 with n=0.5 and 1 , respectively, 
indicating that 87.5% and 95.9% Mg(BH4)2 has been decomposed at this temperature within 
4000s. For pure Mg^BH4)2, only 57.2% Mg(BH4)2 decomposed. The hydrogen dehydrogenation 
rates of Mg(BH4)2 calculated in the Mg(BH4)2-nMg(AlH4)2(n=0.5,l) systems are significantly 
improved by about 52.4% and 67.7% higher than that of individual Mg(BH4)2 for n=0.5 and 1, 
respectively. 

The reversibility of the Mg(BH4)2-nMg(AlH4)2(n=0.5,l) systems were also investigated. 
The samples were re-dehydrogenated at 350 °C for 2 h under 4 MPa hydrogen XRD patterns of 
the re-hydrogenated products (Figure 6) showthat MgH2 and A1 are re-generated. The isothermal 
hydrogenation curves of the samples were shown in Figure 7. The results showed that the Mg-Al 
alloy indeed turned into MgH2 and Al. At the same time, it can be seen that the hydrogen 
absorption process of the Mg(BH4)2-nMg(AlH4)2(n=0.5, 1 ) composites almost ended in 2635s 
and 3235s, respectively, while the time is 5211s for pristine Mg(BH4)2. The hydrogen absorption 
rates of the Mg(BH4)2-nMg(AlH4)2(n=0.5, 1 ) systems increased by about 49.4% and 37.9%, 
respectively. 
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Figure 5. Isothermal desorption kinetics ofMg(BH4)2 in different composites. 

Figure 6. XRD patterns of the re-hydrogenated products. 

In order to clarify the effect of MgFb and A1 on the decomposing of Mg(BH4)2, we also 
prepared the samples of Mg(BH4)2-MgH2, Mg(BH4)2-Al. As shown in Figure 3, the onset 
dehydrogenation temperature of Mg(BH4)2-Al is about 200 °C, much lower than those of 
Mg(BH4)2-MgH2 and Mg(BH4)2, which decompose at 290 °C and 250 °C , respectively, 
indicating that the existence ofMgFb is adverse to the decomposition ofMg(BH4)2. Furthermore, 
as can be seen from the slope of the FPD curves of the three samples, the slope ofMg(BH4)2-Al 
sample is the largest, which indicated that the desorption kinetic improvement of the samples 
contributes to the effect of A1 but MgH2. Similarly to the LiBFLi systems destabilized by 
Al[10,18-19], the Mg(BH4)2-nMg(AlH4)2(n=0.5, 1) systems probably also formed A1B2 which 
needs much less energy to break the Al-B bonding than that of the B-B bonding in the bulk B 
although AIB2 was not observed during the reaction. However, the existence of MgH2 may cause 
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the H-H exchange in the Mg(BH4)2-MgH2 composites during the heating which would also 
suppress the desorption of hydrogen[20]. 

Figure 7. Isothermal hydrogenation curves of the Mg(BH4)2-nMg(AlH4)2(n=0.5,l) systems. 

Conclusions 

The borohydride-alanate combined systems, Mg(BH4)2-nMg(AlH4)2(n=0.5,l) were 
prepared by ball milling, and the hydrogen storage properties and mechanisms were investigated 
systematically. The ball milled Mg(BH4)2-nMg(AlH4)2(n=0.5,l) mixtures exhibited superior 
dehydrogenation properties compared with the pristine Mg(BH4)2. The onset dehydrogenation 
temperature ofMg(BH4)2-nMg(AlH4)2(n=0.5,l) systems is about 120 °C, which is much lower 
than that of pristine Mg(BH4)2. About 3.9 and 4.9 wt.% H2 can be desorbed from Mg(BH4)2-
nMg(AlH4)2(n=0.5,l) composites below 300 °C, respectively, while only 0.82 wt.% H2 can be 
desorbed from individual Mg(BH4)2. The desorption kinetics of the Mg(BH4)2-
nMg(AlH4)2(n=0.5,l) mixtures are improved by about 52.4% and 67.7%, respectively, compared 
with that of individual Mg(BH4)2. At the same time, the re-hydrogenation rates are also increased 
by 49.4% and 37.9%. 
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Abstract 
CdSxTei_x and CdSi_yTey solid solutions are usually formed in the interfacial region in the 
CdS/CdT thin film solar cells during the deposition of the CdTe layer and/or the processing steps 
of the device. It is well known that CdCl2 heat treatment encourages the formation of the 
CdSxTei_x alloy which improves the solar cell performance. In this work, indium doped CdSi_ 
yTey thin films are produced by first producing CdS:In thin films by the spray pyrolysis (SP) 
technique on glass substrates, then annealing the films in nitrogen atmosphere in the presence of 
elemental tellurium. The films are characterized by scanning electron microscopy (SEM), energy 
dispersive X-ray spectroscopy (EDS), and transmittance measurements. The transmittance is 
used to deduce the optical parameters such as; the extinction coefficient, refractive index, besides 
to the real and imaginary parts of the dielectric constant. The dispersion parameters such as E0 

(single-oscillator energy) and Ed (dispersive energy) of the deposited films are also estimated and 
discussed. 

Introduction 

Polycrystalline thin film CdS/CdTe solar cells are promising candidates for low cost and high 
efficiency photovoltaic applications. The fabrication process of these cells involves the 
deposition of a p-type CdTe absorber layer on top of an n-type CdS one which acts as a window. 
To improve the conductivity of the window layer it is recommended to dope it with certain 
dopants such as indium. During the fabrication of the CdTe layer and/or during the post 
deposition heat treatment of the device interdiffusion of CdS and CdTe at the CdS/CdTe junction 
takes place. The results of this process are the formation of a CdSxTei_x layer, which is Te rich on 
the CdTe side and a CdSi_yTey layer, which is CdS rich on the CdS side. These interdiffusion 
processes have largely been realized to significantly improve the device performance, where they 
modify the spectral response of the solar cell. That is, a 10% lattice mismatch exists between 
CdS and CdTe, which should generates a large density of defects [1], and produces strain at the 
CdS/CdTe interface [2], Intermixing at the CdS/CdTe interface is expected to reduce the effect 
of lattice mismatch, and then it relieves strain, reduces the number of interfacial states, and 
reduces the number of recombination centers [3], thus enhancing the solar cell performance. 
Hence a complete understanding of the compositional, structural, electrical, and optical 
properties of the intermixed layers CdSxTei_x and CdSi_yTey that usually constitutes the 
interfacial region in the CdS/CdTe solar cell is essential. 

Thin films of CdSxTei_x and CdSi_yTey have been deposited by different methods, such as 
thermal evaporation [4,5], pulsed electrodeposition [6], brush plating [7] closed space 
sublimation [8], and spray pyrolysis technique (SP) [3,9], In this work, CdSi_yTey thin films were 
prepared by first producing CdS:In thin films by the spray pyrolysis technique, then annealing 
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them in nitrogen atmosphere in the presence of tellurium vapor, because this method is easy, 
cheap, and it enables the production of large area films. The aims of this work are to produce 
CdSi-yTey thin films, deduce the optical parameters of the films such as the extinction 
coefficient, refractive index, and the real and imaginary parts of the dielectric constant, and to 
study the dependence of these parameters on composition of the films. 

Experimental Procedure 

Polycrystalline indium doped cadmium sulfide (CdS:In) thin films were first deposited onto glass 
substrates with the spray pyrolysis technique by using a precursor solution formed from 
stoichiometric ratios of thiourea ((NLL^) and the hydrated cadmium chloride (CdC^.ELO) 
dissolved in distilled water with indium chloride (InCl3) as a doping compound. To produce 
CdSi_yTey films, the CdS:In thin films were annealed in nitrogen atmosphere in the presence of 
elemental tellurium. Different ratios of tellurium in the films were obtained by changing the 
period of annealing. A double beam Shimadzu UV 1601 (PC) spectrophotometer was used to 
measure the transmittance of the films with respect to a piece of glass similar to the substrates. 
The microstructure of the films was determined by scanning electron microscopy (SEM), and the 
composition was determined by energy dispersive X-ray spectroscopy (EDS). SEM observations 
and EDS analysis were taken by FEI scanning electron microscope (Inspect F 50) which is 
supported by energy dispersive X-ray spectroscopy. The thickness of the films was determined 
before annealing by using transmittance and Lambert law of absorption in a semiconductor. 

Results and Discussion 

A set of CdSi_yTey thin films of comparable thickness and different tellurium content were 
produced. The thickness and composition y of the films were inserted in table I, where y = 
[Te]/([S]+[Te]), where [Te] and [S] refer to the concentrations of Te and S in the films 
respectively obtained from the EDS reports. The films were doped with indium In, because the 
window layer is usually doped with a certain dopant such as indium to increase its conductivity, 
which means that the solid solution will be doped with the same dopant. The percentage ratios of 
the concentration of indium to that of cadmium ([In]/[Cd])% in the solution and in the films are 
listed in table I. 

Table I The thickness t, composition y, and ratios of indium to cadmium concentrations in the 
precursor solution and in the films respectively. 

t(nm) y xlO"2 ([In] /[Cd])% ([In]/[Cd])% 
in the solution in the film 

500 0 1.5 3.31±0.34 
490 3.49±1.68 1.5 2.98±0.20 
465 8.52±6.41 1.5 3.84±0.63 
420 9.97±9.21 0.1 2.75±1.88 
460 10.02±8.27 0.0055 3.08±1.24 

Figure 1 displays the SEM micrographs of a CdS:In film and CdSi_yTey films of comparable 
thickness but different composition. The difference between the morphologies of the CdS:In film 
and the CdSi_yTey films is apparent, where the grains of the CdS:In film are large (100-200nm) 
and obvious, and the film appears to be compact and uniformly covered with material. On the 
other hand, the surfaces of the CdSi_yTey films appear to consist of smaller grains and aggregates 
of smaller grains, and they contain some pores. 
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Figure 1. The SEM micrographs of CdSi_yTey thin films for y = 0.0 (CdS:In) (a), y = 3.49xl0"2 

(b), y = 8.52xl0"2 (c). y = 9.97xl0"2 (d), and y = 10.02xl0"2 (e). Note: In (a) the scale is 1 pm, 
but from (b) to (e) it is 500 nm. 

To explore the optical parameters of the films, the transmittance was recorded at room 
temperature in the wavelength range 290-1100 nm and displayed as a function of wavelength X 
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in Figure 2. As the figure shows, the highest transmittance is that of the CdS:In film, and it 
decreases with y. In addition, it is obvious from the figure that the absorption edge shifts towards 
the side of longer wavelength, and its sharpness decreases with y. These observations can be 
interpreted by comparing the band gaps of CdS:In (2.5 eV) and CdTe (1.5 eV). So the increase of 
Te content of the films increases the absorption and decreases the transmission. As a result, the 
absorption edge shifts to the lower energy side, or in other words from the absorption edge of 
CdS:In to that of CdTe, but the relation is not linear [10]. 

/.i'nmi 

Figure 2. Transmittance of CdSi_yTey thin films of different composition y and comparable 
thickness besides that of a CdS:In film. 

To find the refractive index and the extinction coefficient, the definition of the reflectance of a 
film for a light wave incident normally from air, with refractive index n0 = 1, on a medium of 
complex refractive index n is used. Reflectance is given by the following relation [5] 

( , ' - i ) 2 {n-ir+e 

The complex refractive index of the film is given by; 

n =n + ik (2) 

where n is the refractive index and k the extinction coefficient of the film. Knowing the value 
of the absorption coefficient a which can be deduced from the transmittance, the extinction 
coefficient can be calculated using the relation 

k = (3) 
An 

where /I is the wavelength in free space. Solving equation (1) for the refractive index n gives; 
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1 -R 

The extinction coefficient k is calculated from Eq.3 and plotted against photon's energy hv and 
displayed in Figure 3. The extinction coefficient shows a non-zero value in the region before 2.5 
eV. It is well known in the case of polycrystalline films, extra absorption of light occurs at the 
grain boundaries, which leads to non-zero value of k for photon energies smaller than the 
fundamental absorption edge [11], In this region k is restricted in the range 0.042-0.174, where 
it increases with y. A sharp increase in k occurs at the absorption edges which vary according to 
x. As seen in Figure 2, the absorption edge shifts to the lower energy side with y, and the films 
with y = 9.97xl0"2 and y = 10.02xl0"2 show two absorption edges, which are not obvious in 
Figure 2. These are due to the presence of a mixed phase in the films (cubic and hexagonal), 
where the cubic phase has a slightly smaller optical bandgap [3,9], After the sharp increase, k 
becomes constant equals to 0.291 for all CdSi_yTey films. For the CdS:In film, k slowly 
decreases with hv from 0.487 to 0.453 for the energy change from 2.5 to 3.0 eV. 

E(eV) 

Figure 3. The extinction coefficient k of a CdS:In film and the CdSi_yTey thin films with 
comparable thickness and different composition y. 

The refractive index n is calculated from Eq.4 and plotted against the photon's energy hv and 
displayed in Figure 4. It is observed that n increases slowly with hv until the absorption edge 
which depends on x, after which, it strongly increases with hv, and then reaches approximately a 
constant value -not shown in the figure. It is obvious that the sharpest absorption edge is that of 
the CdS:In thin film, then sharpness decreases with x. The shift of the absorption edge towards 
lower energy is also observed. As the figure shows, for energies before = 2.25 eV, the refractive 
index increases slowly with x, and its value in this region at hv = 1.5 eV, which corresponds to 
the bandgap energy of CdTe lies in the range 2.10 for as-deposited CdS:In to 7.17 for x = 
10.02xl0"2. 
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Below the absorption edge, refractive index dispersion can be analyzed by the single oscillator 
model. So the obtained data of refractive index n is also analyzed to yield the long wavelength 
refractive index (nœ) together with the average oscillator wavelength (ko) for CdSi.yTey thin film 
using the following relation [12] 

E(eV) 

Figure 4. The refractive index of CdSi_yTey thin films of comparable thickness with different 
composition y. 

(1/X2)(nm)"2 

Figure 5. The plot of (n1 - l ) 1 against fc1 for a CdS:In film and the CdSi_yTey thin films of 
different composition y. 
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The relation between (n2 - l ) ' a n d / I i s shown in Figure 5, beside the linear fits in the linear 

parts of the curves, where A0, nm and n2
rj = are evaluated from the fit parameters and listed in 

table II. From these values, the average excitation energy for electronic transitions E0 =hc/A0, 
and the dispersion energy which is a measure of the strength of interband optical transitions 

Ed =i;0(ra2 - l ) are also calculated and listed in table II. From table II it is observed that nm, sm, 
Ed, M_j and M_3 increase with the Te content of the films y, 

Table II. The optical parameters of CdSi.yTey thin films with the thickness and composition of 
each film. 

t(nm) Composition 
y 

nœ SOD Xo(nm) Eo(eV) Ed(eV) M_i M 3 

500 0 1.628 2.649 591.7 2.096 3.457 1.649 0.376 
490 3.49±1.68 2.208 4.873 591.9 2.095 8.115 3.873 0.882 
465 8.52±6.41 2.177 4.740 666.3 1.861 6.960 3.740 1.080 
420 9.97±9.21 2.548 6.495 648.9 1.911 10.500 5.495 1.505 
460 10.02±8.27 4.321 18.671 667.3 1.858 32.838 17.671 5.117 

hv(eV) hv(eV) 

Figure 6. Figure 7. 
Figure 6. The real part of the dielectric constant of CdSi_yTey thin films of comparable thickness 
but different composition. 
Figure 7. The imaginary part of the dielectric constant of CdSi_yTey thin films of different 
composition but comparable thickness. 

Figure 6 displays the real part of the dielectric constant e l against the photon's energy hv for 
CdSi_yTey films with comparable thickness but different composition y. In the region before 1.5 
eV, b1 increases with y, where it varies at hv = 1.15 eV from 2.99-28.21. It increases gradually 
with hv, and then sharply increases around the region of the absorption edge. The absorption 
edge moves towards lower energy with the increase in y. These observations are consistent with 
the behavior of the refractive index n and have the same explanations. 
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Figure 7 displays the imaginary part of the dielectric constant 82 against the photon's energy hv 
for the same set of films. In the low energy side at hv = 1.25 eV it increases with y and varies in 
the range 0.127- 1.913, and it increases slowly with hv. In the region of the absorption edge, 82 
increases sharply with hv, where the rate of increase decreases with y. The presence of the two 
phases of the CdSi.yTey solid solution causes the decrease in the rate of increase of 82. In the high 
energy side after 2.5 eV, 82 becomes constant in consistence with the behavior of the extinction 
coefficient k . Both the real and imaginary parts of the dielectric constant show similar 
behaviors, but the imaginary part displays smaller values. 

Conclusions 

CdSi_yTey thin films were produced by first preparing CdS:In thin films by the spray pyrolysis 
technique on glass substrates, then annealing these films in the presence of Te vapor in nitrogen 
atmosphere at 400 °C. The composition of the films was revealed by the energy dispersive X-ray 
spectroscopy (EDS). Scanning electron microscope (SEM) micrographs showed that the films 
are polycrystalline. The transmittance of the films was used to get their optical parameters such 
as the absorption coefficient, extinction coefficient, refractive index, real and imaginary parts of 
the dielectric constant, and dispersion parameters. All of these parameters are found to increase 
with the composition y. 
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Abstract 

Sintering-pot tests and metallurgical performances of sinter with 4 kind of different AI2O3 
contents are experimented in this paper. Results show: when the AI2O3 contents increase from 
2.0% to 3.5%, acicular calcium ferrites in mine phase will be gradually replaced by plate-like 
iron calcium. The increase of AI2O3 contents will lead to the addition of liquid viscosity and the 
reduction of permeability of sinter bed. Sintering time will be prolonged. The rate of yield is 
stable basically but production is low; besides, the increase of liquid viscosity will decrease of 
drum strength. The change of permeability of the material layer will make RDI +315 decrease first 
and then increase when AI2O3 contents changed from 2.0% to 3.5%. RI of sinter shows a 
contrary trend because many open voids are formed by deterioration of liquidity first and then 
pores closed. 

Introduction 

As Chinese iron making production capacity increasing significantly, the world iron ore 
resources increasingly tense and market competition further intensify recently [1], With technical 
innovation as a core, accelerating the technological transformation and reducing the cost have 
become the great important condition for the subsistence and development of enterprises [1], As 
the Chinese steel mills depends more on seaborne material, use of imported high aluminum 
proportion must be increased in the blast furnace production. It can not only broaden the range of 
iron ore resources, but also reduce iron making raw material purchasing cost [2], 

It is significant to improve the economic benefit of Chinese enterprises.However,the 
improvement of AI2O3 contents in the sinter will affect the various technical indicators of the 
sintering properties and metallurgical properties of sinter [2], In order to ensure the normal 
operation of sintering and blast furnace production, we should improve the 

419 



metallurgical indexes of sinter of blast furnace through reasonable ore blending [3], To solve this 
problem, in this paper, sintering-pot are carried out by using four different AI2O3 contents of iron 
ore and metallurgical performance test, and point the reason why the change of the metallurgical 
properties with mineral phase , analysis of the effect of AI2O3 on sintering process , which 
provided theoretical support for rational utilization of mineral resources with high AI2O3. 

Experimental Materials and Conditions 

7 kinds of iron ore powders and 3 kinds of fluxes have been used in this sintering-pot test, 
calculate the mixture ratio of iron ore powders and fluxes through the restrictive conditions 
including grade, alkalinity, AI2O3 contents and so on. The chemical composition and ratio are 
shown in Table I. 

Table I. Chemical Composition of Original Fuel and Proportion Situation (%) 
Raw 

Material 
Chemical Composition Proportion Situation Raw 

Material 
TFe Si02 CaO MgO AI2O3 Plan 1 Plan 2 Plan 3 Plan4 

Ore A 56.4 5.46 0.42 0.21 2.6 20 22 20 10 

OreB 61.5 3.87 0.23 0.16 2.13 35 27 17 9 

OreC 66.05 3.88 0.24 0.44 1.21 10 10 10 10 

Ore D 48.0 18 0.8 0.61 3.3 4 5 7 11 

Ore E 53.78 6.96 9.19 2.3 3.57 7 7 7 7 

Ore F 60.39 2.42 3.11 4 0.83 4 4 4 4 

Ore G 57.4 2.6 0.22 0.08 6.11 1 6 16 30 

Flux A 0 3 81 0 0 7.5 7.5 7.5 7.5 

Flux B 0 3 30 18 0 5 5 5 5 

Flux C 0 8 1.31 42 0 2 2 2 2 

Fuel 0 5.6 0.65 0.2 4.2 4.5 4.5 4.5 4.5 

The sintering-pot test were carried out in 4 groups, and control basicity on 1.80 + 0.05. The 
AI2O3 contents of sinter are controlled in 2.0%, 2.5%, 3.0% and 3.5% respectively. The 
composition of 4 kinds of schemes of sinter ore are shown in Table II. 

Table II. Sinter Composition of 4 Kinds of Programs 

Scheme 
Sinter Composition (%) 

R Scheme 
TFe CaO Si02 AI2O3 FeO MgO S P 

R 

plani 

plan2 

54.89 

54.85 

10.10 

10.36 

5.59 

5.71 

1.96 

2.42 

6.90 

6.30 

2.63 

2.56 

0.033 

0.034 

0.076 

0.076 

1.81 

1.81 
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plan3 54.74 10.32 5.67 2.87 7.00 2.65 0.034 0.077 1.82 

plan4 54.66 10.64 5.88 3.26 7.70 2.47 0.035 0.080 1.81 

In this experiment ,the diameter of the sintering-pot is 0300mm; The height of the material 
layer is 600mm; ignition pressure is 6kpa; ignition time is 3min; ignition temperature isl050°C 
±50°C; The sintering suction negative pressure is 12kPa. 

Experimental Results and Analysis 

Analysis Of Experiment Results Mineral Phase 
4 groups of sinter ore samples were carried out to make preparate and lap. Structure 

characteristics of high AI2O3 contents of sinter ore were observed by mineralographic 
microscope. The results are shown in figure 1. 

Plan 3 Plan 4 
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(*) a-acicular ferrite calcium ai-not completely big acicular ferrite calcium b- magnetite ; 
c - pore; d-skeletal titan hematite ; e- fayalite ; f- hematite ;g-plate shaped calcium ferrite. 

Figure 1. Ore Sinter Phase of 4 Different AI2O3 Contents 

In plan 1, we can observe acicular calcium ferrites developed flourishing, the calcium 
ferrite had good strength and at same time plate shaped calcium ferrites were less. In plan 2, 
plate shaped calcium ferrites were obviously increased and acicular calcium ferrites appeared in 
some local areas. The amount of plate shaped calcium ferrites in plan 3 were more than plan2's, 
beside some similar situations that acicular calcium ferrites appeared raised in the local areas . 
But the sizes of acicular calcium ferrites than in plan 2 were much smaller because of the growth 
not completely. The calcium ferrites in plan 4 were mainly composed of plate like, and the local 
areas of calcium ferrite -gathered into pieces. They were not in good shape. 

As we can be seen from the ore phase, 4 kinds of ore phases formed by the sintering pot test 
were different. The main reason is that with the increasing of AI2O3 contents, heat that 
sintering process required also gradually increases. Carbon proportioned mixture in this 
experiment was certain, so heat supply was not sufficient which would cause the reaction of 
calcium ferrite (this reaction is endothermic reaction) not develop in the direction of 
balance .And improvement of AI2O3 contents would lead to the increase of liquid viscosity. It 
made the unreacted core of not mineralization increase, influenced the strength and weakened the 
reaction ability of the contact between liquid with the surrounding material. Ultimately 
improvement of AI2O3 contents would affect the formation of calcium ferrite [4], 

The Analysis Of Sintering Pot Experiment Sintering Indexes 
Gradually increase of AI2O3 content in sinter would make sintering mixture form liquid 

phase and augment the liquid viscosity. The amounts of AI2O3 content in sinter also affected the 
permeability of sintering material layer, reduced the vertical sintering speed. The sintering time 
of 4 plans ascended with increase of AI2O3 content in sinter, while the vertical sintering 
speed descended. 

Table III. Sinter and Technical Indicators Sintering-pot 
Sintering indexes Plan 1 Plan 2 Plan 3 Plan 4 

Sintering speed (mm/min) 24.29 21.98 18.79 17.25 
Rate of Yield (%) 94.32 93.76 93.83 93.22 

Rate of Production ( % ) 78.9 77.8 75.2 74.2 

In table III,with the increase of AI2O3 contents, sintering ore yield rate is reduced, but the 
underlying trend is basically stable. The main reason is that the amount of Ore G (limonite) 
mixed ascends gradually and the burning loss is relatively large [5], The Production of 
sintering ore with the increase of AI2O3 contents is reduced. 

In table IV,when the data were analyzed, there was a consistent trend between sinter ore 
production and the change of the sinter of particle sizes<16mm ( < 5 m m , 5~10mm and 
10~16mm ) .In the other word, the AI2O3 contents in sinter is higher, the 
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sintering mixture viscosity is larger [6], The decline of mineralization of the sintering process 
and the increase of unreacted core will lead to the increase small particle sizes of sinter. 

Table IV. Distribution of Grain (%) 
Grain distribution Plan 1 Plan 2 Plan 3 Plan 4 

>40mm 12.7 12.0 8.2 7.4 
25~40mm 8.4 19.3 16.0 13.2 
16~25mm 6.5 16.7 16.0 12.4 
10~16mm 5.9 15.8 17.2 20.7 
5~10mm 17.0 16.0 20.9 22.8 
<5mm 19.5 20.2 21.7 23.5 

The Effect Of AI7O3 Content On Drum Strength Of Sinter 
In 4 plans, the variation of AI2O3 contents of sinter drum strength is shown in figure 2. It can 

be seen from Figure 2. With AI2O3 contents increasing in the experiments, the sinter drum 
strength showed a trend of gradual decline under the condition of 4 kinds of AI2O3 contents. 
When the AI2O3 contents were 2.0%, the sinter drum strength was highest. 

Figure 2. Drum Strength with 4 AI2O3 Contents 
The increase of AI2O3 content makes the liquid viscosity increasing gradually, 

diminishs particle diffusion rate and reenforces the Oswald cure reaction of liquid phase cry-s 
tallization process [7], Smaller crystal particles dissolve into the surrounding medium due to rate 
is larger, and the surface of the larger crystal particles precipitates again .It makes precipitated 
calcium ferrite develop into plate ,while iron oxide appears even larger crystal or grain 
development phenomenon. 

The ore phase also confirmed that although the total amount of calcium ferrite increases, 
the plate structures are much more than other structures. In the high AI2O3 contents conditions, 
plate structures become the highest proportion of calcium ferrite structure instead ofacicular 
calcium ferrite. However, the strength of the plate-like calcium ferrite and the ability to resist 
crack propagation are very poor. It is a big drawback for drum strength. On the other hand, 
Magnetite forms the crystal exhibition of stretching, compared with the close corrosion of 
structure of acicular calcium ferrite and small particles of magnetite under I0WAI2O3 contents. 
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The strength of the plate-like calcium ferrite and the ability to resist crack propagation are also 
very poor. Because the two phase proportion of calcium ferrite and magnetite are larger[8]. 
In high AI2O3 levels, the main reason that decline of drum strength of sinter ore is the change of 
strength. 

The Effect Of AI7O3 Content On Reducibilitv Of Sinter 
In figure 3, 4 groups of reducibility indexes in the sintering pot experiments belonged to the 

good range, as in the 83%~87%. When AI2O3 contents of sinter ore was 2.5%, the reducibility of 
sinter ore is the highest. When the AI2O3 contents continued to increase to 3.5%, the reducibility 
indexes of sinter ore was gradually decreasing. But the decline trend was relatively slow. 

At about 1200 °C , When AI2O3 contents were up to 2.5% , liquid viscosity 
increased with AI2O3 content increasing, worsened liquid and a large of open gaps were formed. 
Consequently the reducibility of sinter was good when AI2O3 content was 2.5%. But with the 
AI2O3 contents continued to increase, liquid phase led by calcium ferrite system begins to form. 
Decomposition of the combined water produces large cracks quickly, and katogenic water 
immerges into limonite particles, assimilate these particles at a high speed and many large pores 
were formed Thus the liquid phase sintering material layers with the pores were closed and 
this phenomenon would exacerbate reducibility of sinter. The reducibility of sinter declined 
gradually due to accretion of AI2O3 contents in sinter. 

4 different AJ,03 contents 4 different A1203 contents 

Figure 3. RI Index with 4 AI2O3 Contents Figure 4. RDI+3.15 Index with 4 AI2O3 Contents 

The Effect Of AI7O3 Content On Low Temperature Reduction Degradation Of Sinter 
The low temperature reduction degradation (RID) is one of the most important indexes in 

sintering. As shown in figure4, with the augment of AI2O3 contents, RDI+3.15 shows descent at 
first and then ascent. The possible reason is that in the case of definite proportions of carbon, the 
liquid viscosity ascends with the ascent of AI2O3 contents and influences the 
permeability of layer [8], When AI2O3 content is 2.5% or less, the liquid phase formed by 
sintered material layer in high temperature can meet the requirements of sinter permeability and 
the finally purpose is forming good pore structure. Skeletal hematite is usually found around the 
pores. So the increment of the amount of AI2O3 contents will lead to ascend the liquid viscosity 
and descend the pore structure in sinter. At last the formation of skeletal hematite was limited 
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and causes the RID (+3.15) index increase finally [8], 

Conclusions 

(1) In the case of definite proportions of carbon, as the content of AI2O3 increases from 2% 
to 3.5%, the endothermic quantity of mineralization process will increase. The acicular calcium 
ferrites are replaced by plate calcium ferrite in ore phase. 
(2) When the content of AI2O3 content increases from 2% to 3.5%, the decrease of air 
permeability of sinter will lead to prolong sintering time .While the yield rate is stable. But the 
increase of AI2O3 content will lead to the augment of viscosity in sinter mixture, which 
influences the production rate of sinter. 
(3) The content of AI2O3 increases from 2% to 3.5% will cause the decrease of drum strength of 
sinter ore. The main reason is that the addition of AI2O3 content gradually will make the viscosity 
of liquid phase increase, reduce the particle diffusion rate and add to the amount of plate calcium 
ferrite. 
(4) The content of AI2O3 increases from 2% to 3.5% will lead to the addition of liquid viscosity 
gradually, which influences the permeability of material layer. The result is that RID indexes 
show a trend that decreases at first then increases. 
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Abstract 

This work has as its objective to characterize ceramic bodies formulated with 
ornamental rock waste and two different clays to produce ceramic paver. Specimens 
were made by uniaxial press-molding at 20 MPa and then fired at 950 and 1050°C 
respectively. The determined technological properties were: plasticity, dry bulk density, 
linear shrinkage, water absorption and flexural rupture strength. The results showed 
that the type of the clay has strong influence on the properties of interest for heavy clay 
ceramics. The investigated waste must be incorporated in small amounts to avoid 
increasing in the porosity of the ceramics. 

Introduction 

Ornamental rock is a natural resource available in the municipal area of Santo Antonio 
de Pádua and located 150 km from the city of Campos dos Goytacazes, north of state of 
Rio de Janeiro, Brazil. Intense industrial activity related to ornamental stones, especially 
gneisses, is traditionally occurring in the region. After mining, the flagstone is 
submitted to sawing to obtain blocks and then, after a manual operation, the final 
products are small flagstones [1,2], During the sawing operation, a sludge composed of 
water and fine particles of rock is generated. A monthly production of 1000 tons of 
ornamental rock waste is estimated to be produced at Santo Antonio de Pádua. The final 
disposal of this waste has brought serious environmental problems. Since most 
industries do not have an adequate sludge treatment, the waste is contaminating the soil 
and underground waters as well as obstructing rivers and lakes. 

Ceramic bodies industrially fabricated in the municipal area of Campos dos Goytacazes, 
280 km from the city of Rio de Janeiro, are elaborated using a mixture of local clays. 
These clays are predominantly kaolinitic mineral, associated with high plasticity. Due to 
the excessive plasticity of the ceramic bodies, it is common to have dimensional defects 
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in the final products after the drying and firing processes. Moreover, the kaolinitic 
structure and the presence of aluminum hydroxide confer a refractory behavior to the 
local clays during the firing stage. This impairs sintering during the firing operation. In 
the case of clay ceramics for civil construction, this results in greater porosity associated 
with elevated values of water absorption [3,4], To avoid this problem, it is necessary to 
reformulate the clayey ceramic body composition. The addition of both non-plastic 
materials, to reduce plasticity, and fluxes to condition the refractoriness is a possible 
alternative, mainly to produce ceramic with higher aggregate values in comparison with 
bricks such as ceramic paver. 

One technological method, which is already being tested to decrease porosity, is the 
incorporation of ornamental rock wastes, ORW, from the sawing process [5-7], These 
rocks contain large amount of quartz, feldspars and mica. In the initial stages of the 
ceramic processing, these minerals act as non-plastic agents that permit the use of lower 
amounts of water in body forming, making an easier drying operation. During firing, the 
quartz generally behaves as an inert material decreasing the shrinkage, but it may also 
be partially dissolved in liquid phase. Both the feldspars and the mica favor the 
formation of liquid phases and contribute to lower the porosity of the final ceramic 
product. 

Based on the need to correct the deficiencies of the clays from Campos dos Goytacazes, 
the present work had as its main objective to characterize clayey formulations with 
ornamental rock waste to produce ceramic paver. . 

Experimental Procedure 

The basic raw materials used in this investigation were two different clays denoted as 
Yellow (YC) and Red Clay (RC), respectively, as well as an ornamental rock waste, 
ORW, from the city of Santo Antonio de Pádua, State of Rio de Janeiro. The YC is 
from Campos dos Goytacazes, spite RC is from the city of Itaborai. Itaborai is another 
place inside the Rio the Janeiro State that produces heavy clay ceramics that is located 
in the halfway between Campos dos Goytacazes and the major consumption market of 
ceramic from Campos, the city of Rio de Janeiro. Thus, the trucks that carry products to 
Rio de Janeiro can bring clay from Itaborai at low cost. The Clays from Itaborai 
presents some different characteristics in comparison to the clays from Campos, 
justifying their investigation in mixture with clay from Campos [8], 
The chemical composition of the raw materials was obtained by fluorescence 
spectrometry (Philips, PW 2400) using a pressed powder pellets as sample. The 
particle-size distribution of the ORW was obtained by sieving and sedimentation 
techniques according to the Brazilian standard [9], Upon receipt, the raw materials were 
dried at 110°C and manually disintegrated with a crusher. Five experimental ceramic 
bodies were formulated as shown in Table 1. Formulation 1 corresponds to the pure 
yellow clay. Formulation 2 was elaborated with a mixture of the clays in the same 
amount. The other formulations, 3, 4 and 5 were elaborated with the use of the waste in 
partial replacement of the clays in amounts of up to 30 wt.%. Formulation with pure RC 
was not elaborated due to the elevated cost to produce red ceramics with 100% in mass 
of a clay from another place and distant 250 km from Campos dos Goytacazes. 

In order to determine the technological properties of the ceramic bodies, 12.43 cm long 
rectangular specimens with 1.10 cm x 2.54 cm in cross section, were shaped by uniaxial 
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pressing at 20 MPa. Initially the specimens were dried at 110°C for 24 h. Finally, the 
specimens were fired at 950 and 1050°C in an electric laboratory kiln with a 180 min 
socket at maximum temperature, using a heating/cooling rate of 2°C/min. The measured 
technological properties were: dry bulk density, water absorption and mechanical 
strength, obtained by the flexural rupture stress, using the three-points method [10,11], 

Table I. Investigated formulations (wt.%). 

Formulations YC RC ORW 

1 100 - -

2 50 50 -

3 45 45 10 
4 40 40 20 
5 35 35 30 

Results and Discussion 

Table I shows the chemical composition of the raw materials. The chemical 
composition of the clays is typical of a kaolinite-based material with low amounts of 
alkaline oxides and a high amount of AI2O3. The relatively high amount of Fe2C>3 is 
response for a reddish color in the fired ceramic. The high percentage of Lol for the YC 
indicates a higher fraction of clay minerals. The chemical composition of the ORW, 
shows a relatively large amount of SiC>2 and alkaline and alkaline earth oxides, and a 
lower amount of AI2O3 and Lol, that confirms the flux potential of the investigated 
waste. Increasing the amount of ORW in the formulated bodies, it is expected an 
increase in the percentage of alkaline fluxes and Si02 as well as a decrease in the Lol 
and alumina content, as compared to the clays. 

Table II. Chemical composition of the raw materials (wt.%). 

Yellow Clay Red Clay ORW 
Si02 43.59 47.23 67.83 

AI2O3 25.64 33.67 14.76 
Fe203 10.38 6.63 4.18 
Ti0 2 1.55 0.81 0.71 
K2O 1.63 0.41 5.47 

NazO - - 2.77 
CaO 0.15 - 2.08 
MgO 0.66 - 0.73 
Loi 15.20 11.07 0.66 

The Winkler diagram [12] shown in Fig. 1 is a ternary diagram with distinct 
granulometric ranges of particle sizes in its vertices. The range < 2pm, corresponding to 
the top corner in Fig. 1, is an important technological parameter, associated with the 
percentage of clay minerals, which is related to the plasticity of the clay-water system 
and directly influences the properties of the body such as the amount of forming water, 
drying shrinkage and mechanical strength. The numbered fields in the Winkler diagram 
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represent the suitability of the raw materials for making ceramic products normally used 
in civil construction. As shown in Fig. 1, the particle size distribution of the YC and RC 
clays are located in points inside the defined fields. The YC and RC are located in the 
upper limit of the field 3 and middle of field 4, respectively. It is observed that the YC 
has a higher amount of clay minerals fraction, particles with size < 2|_im, indicating an 
elevated plasticity. Ornamental Rock Waste (ORW), a non-plastic material, which is 
predominantly constituted of particles with size between 2-20 |_im and higher than 
20|_im. This result shows that the ORW can reduce the plasticity of the clays, that is 
specially recommended to the YC due to its elevated "clay fraction", i.e., <2|_im. 

Figure 1. Winkler diagram. 

Figure 2 shows the dry bulk density of the formulations. It is observed that the 
formulation 1, YC, presents the lower packing after the forming and drying stage. This 
is due to the particle size with high amount of fines. The mixture of the both clays, 
formulation 2, has intermediate value of dry bulk density. The ORW abruptly improved 
the packing of the clays, that is beneficial to the sintering process since it increases the 
contact area between the particles. 
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Formulations Figure 2. Dry bulk density of the formulations. 

Figures 3 to 5 shows the water absorption, linear shrinkage and flexural rupture strength 
of the formulations, respectively. In these figures it is noted that the temperature exerts a 
strong influence on the evaluated properties, i.e., the water absorption decreases and the 
linear shrinkage and flexural rupture strength increase. 

Figure 3 shows that the formulation 1, YC, presents the highest value for the water 
absorption at both investigated temperatures. It is observed that at 950 and 1050°C, the 
use of RC and ORW decreased the water absorption of the formulation 1. However, 
only at 1050°C, all investigated formulations present water absorption compatible with 
ceramic paver type MX, indicated for exterior use and does not exposed at cool 
temperatures, lower than 14%. For interior use, there is no specification for water 
absorption [13], 

Figure 4 shows that the RC and ORW decreased the linear shrinkage of the formulation 
1, YC, also at both investigated temperatures. This is due to the influence on the dry 
packing, as well as to the decrease on the weight loss during the firing stage, according 
to the Lol values, Table 2. 

In Figure 5, it is observed that both RC and ORW abruptly decrease the mechanical 
strength of the formulation 1 at the investigated temperatures. This is due to the major 
presence of coarser quartz particles, as seen in Fig. 1. 
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Formulations 

Figure 3. Water absorption of the formulations as a function the firing temperature. 

Formulations 

Figure 4. Linear shrinkage of the formulations as a function the firing temperature. 
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Figure 5. Flexural rupture strength of the formulations as a function the firing 
temperature. 

Conclusions 

=> The yellow clay from Campos dos Goytacazes has as main deficiencies to produce 
heavy clay ceramic products, a high loss on ignition and an elevated amount of fine 
particles. This last one also affects the packing during the forming stage. The red clay 
from Itaborai, has a lower loss on ignition and a coarser particle size. The ornamental 
rock waste presents typical characteristics of flux material, such as elevated amount of 
alkaline and earth-alkaline oxides and fine particle size. 
=> With respect to the evaluated fired technological properties, the yellow clay displays 
highest water absorption, linear shrinkage and mechanical strength at both investigated 
temperature, 950 and 1050°C. The use of red clay and ornamental rock waste abruptly 
changes the properties of the yellow clay. Both materials adjusted the particle size 
distribution of the yellow clay, indirectly decreasing its high plasticity, as well as 
decreased the water absorption and linear shrinkage. However, these materials also 
impaired the mechanical strength of the yellow clay, due to the coarser quartz particles. 
=> The temperature exercises a strong influence on the evaluated properties, decreasing 
the water absorption and increasing the mechanical strength and linear shrinkage of all 
ceramics. 
=> Finally, the results indicate that both red clay and ornamental rock waste have 
potential to use in mixture with the yellow clay to produce heavy clay ceramic of 
elevated aggregate value, such as ceramic paver. The main aspect that must be 
investigated to improve the mechanical strength of the formulations is the size of the 
quartz particles. 
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Abstract 
During fretting, high points or asperities of the mating surfaces adhere to each other and small particles are 
pulled out, leaving minute, shallow pits and powdery debris. Sometimes these surface conditions are neglected, 
but they are important in some application such as the aerospace industry. In this research work, non-contacting 
and contacting thermoelectric power techniques are performed in fretted 7075-T6 and TÍ-6A1-4V samples. It 
has been found that the contacting and non-contacting thermoelectric power measurements are associated 
directly with the subtle material variations such as work hardening and residual stresses due to plastic 
deformation produced in the fretting zone but surface topography. Therefore, both techniques could be used for 
a global characterization of the most relevant frett ing induced effects. Potential of these techniques to monitor 
subsurface changes in other severe surface plastic deformation processes are clearly envisaged. 

Introduction 

Ti-6AL-4V and 7075-T6 alloys have an extensive application in aircraft structures since their combine high 
strength to weight ratio and corrosion resistance compare to other materials. However , fretting damage is a 
serious problem in the aerospace industries where structural assemblies are often subjected to intense vibration 
[1-3]. Fretting is caused by the oscillating movement with small amplitude that may occur between contacting 
surfaces subjected to vibration. It mainly results in two kinds of damage: wear, by which the debris is generated 
as a result of a loss of fi t between contacting surfaces, and rapid crack nucleation and propagation as a result of 
failure of engineering parts. Some of the failures initiated by frett ing have had serious consequence [4,5]. So 
nondestructive evaluation of the fretted zone where the cold work induces residual stresses at the surface of the 
component could be necessarily in order to improve the fretting wear-resistant performance of materials.Ti-
6AL-4V and 7075-T6 alloys produce a change in the thermoelectric voltage f rom positive to negative when two 
pieces of the same material are rubbed against each other as shown in Fig. 1. Although this so-called tribo-
electric method well illustrates the sensitivity of the thermoelectric method to detect fretting damage, this 
technique cannot be directly adapted to nondestructive inspection of critical engine components because of its 
poor reproducibility and the inevitable surface damage the inspection itself causes on the part to be inspected. 
On the other hand, thermoelectric power (TEP) measurements have demonstrated their ability to 
nondestructively quantified grit blasting and laser shot-peening surface treatments and detected subsurface 
changes induced by both surface plastic deformation processes in metallic biomaterials such as Ti-6A1-4V and 
316LVM alloys [6,7]. T E P measurements of surface treatment effects could be provided the option to 
quantitatively measured initial treatment effectiveness along with the effect of operationally induced changes 
over the life of the treated component. The goal of this research work is to use two non-destructive 
thermoelectric techniques (NDTT), the non-contacting and contacting thermoelectric power measurements to 

435 



detect and quantified the subsurface changes induced by fretting damage in aerospace materials such as Ti-6A1-
4V and 7075-T6 alloys. 

Figure 1. Tribo-electrically generated thermoelectric voltage when two pieces of 
the very same material are rubbed against each other. 

Thermoelectric Power 

Thermoelectricity is defined as the direct conversion of heat into electrical energy or vice verse, in conductor 
materials by means of different phenomena as the Seebeck effect, the Peltier effect and the Thomson effect. In 
order to understand this phenomenon, in particular the Seebeck effect, in a better way, it was considered a 
conductor material that is heat at one side and cooled at the other side. When a small temperature gradient VT is 
established across a conductor, the electrons in the hot side has higher energy than those of the cold side. 
Therefore the heat is carried f rom the hot region to the cold region by a net diffusion of electrons. In general, 
the diffusion rate is a function of electron energy and thus, a net electron current will result. The f low of 
electrons leaves behind exposed positive metal ions (charges) in the hot region while pile up electrons in the 
cold region. So the higher energy electrons at the hot region are able to lower their energies by diffusing to the 
cold region. This situation prevails until the electric field produced by the electron current opposes the further 
f low of electrons f rom the hot to cold region. Therefore the cold side becomes negatively charged, while the hot 
side positively charged and, as a result, a thermoelectric voltage is induced along the conductor. This potential 
difference VV across the conductor caused by a temperature gradient VT is called the Seebeck effect. The 
magnitude of this effect is given by the Seebeck coefficient that is define by the thermoelectric voltage 
developed per unit temperature difference in a conductor or S= AV/AT. By convention, the sign of the 
thermoelectric Seebeck coefficient is given by the potential of the cold region with respect to the hot region. 
Ordinary thermocouples based on the Seebeck effect can not operated in a non contacting way partly because 
they need strong conduction-type thermal coupling with the specimen to be tested and partly because they need 
direct electrical coupling with the measuring electronics. However, material imperfections naturally form such 
thermocouples in the specimen itself and, in the presence of an externally induced temperature gradient, these 
innate thermocouples produce thermoelectric currents around the imperfections, that can be detected by 
magnetic sensors f rom a significant lift-off distance between the tip of the sensor and the material surface 
imperfection. 
Micro structural characterization and mechanical properties evolution are usually monitored by destructive 
testing, using tensile tests, metallographic techniques or hardness measurements. Thermoelectric power (TEP) 
measurements have recently gained a growing attention for the characterization of metallurgical properties in 
steels and other alloys. These measurements, based on Seebeck effect, are sensitive to changes in the electronic 
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structure of the material resulting f rom various metallurgical and mechanical processes [8-10]. The contacting 
thermoelectric technique analysis consists of measuring potential differences in the micro-volt range, generated 
by a small temperature difference along the sample. The Seebeck coefficient, S, is defined as the ratio between 
the voltage, AV, developed along the sample and the temperature difference, AT, given by S= AVI AT as shown 
in Figure 2(a). Recently, this method was used in a non-contacting way by detecting the magnetic field 
produced by thermoelectric currents in metals called non-contacting thermoelectric technique [11-14]. Let us 
assume that w e have a defect or imperfection in an otherwise homogeneous material and a temperature gradient 
is established throughout the specimen. Because of this temperature gradient, different points at the boundary 
between the defect or imperfection and the host material will be at different temperatures, therefore at different 
thermoelectric potentials. These minor thermoelectric potential differences will drive local thermoelectric 
currents around the affected area, which can be detected in a non contacting way by a high sensitive 
magnetometer as shown in Figure 2(b). This technique was originally suggested for the detection of metallic 
inclusions in the material, but was subsequently shown to be sensitive enough to sense subtle changes in the 
thermoelectric power of metals due to plastic deformation and the presence or residual stresses [15]. 

Figure 2. Schematic diagram of the TEP measurements by (a) contacting detection 
using the hot tip technique and (b) noncontacting detection by magnetic 
monitoring of thermoelectric currents. 

Material and Thermoelectric Methods 

In this section, the experimental setup will be described and the procedure used to detect and quantified 
subsurface changes on frett ing damage Ti-6A1-4V and 7075-T6 samples. The fretting fat igue experiments were 
carried out using a special shape specimen with a round cross section and two flat sides. In this situation two 
zones of the contact were generated on the flat sides of the specimen. Figure 3 shows the frett ing fat igue 
experimental test setup used in this study along with the servo hydraulic uniaxial testing machine. The capacity 
of the servo hydraulic testing machine is 600 k N under static conditions and 500 k N for fat igue loading. The 
maximum cyclic loading frequency of the machine is 50 Hz. 
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Figure 3. Servo hydraulic uniaxial testing machine used to induce fretting damage 
in Ti-6A1-4V and 7075-T6 samples 

Two tests for each material (Ti-6AL-4V and 7075-T6) were carried out to see how the thermoelectric power 
measurements can change with the number of the cycles and to quantify the fretting fatigue damage. To achieve 
these objectives the first experiment on Ti-6AL-4V and 7075-T6 samples was interrupted after 100 cycles (low 
fretting) and the second interrupted after 500 cycles (high fretting) under different load conditions as shown in 
Table I. 

Table I.- Load conditions for the fretting fatigue tests 
Material Axial load Normal load Tangential load 

(kN) (N) (N) 
7075-T6 1.8 750 450 

TÍ-6A1-4V 3.4 800 1200 

Firstly, we conducted thermoelectric measurements on three Ti-6A1-4V samples: low fretting damage sample, 
high fretting damage sample and unfretted sample. And secondly, we also conducted thermoelectric 
measurements on three 7075-T6 samples: low fretting damage sample, high fretting damage sample and 
unfretted sample respectively. The contacting TEP measurements were performed using a calibrated Alloy 
ThermoSorter. The operation of this instrument is based on the well known thermoelectric principle. The 
thermoelectric instrument induces the temperature difference in the sample by means of a dual-tipped reference 
probe. One tip is at room temperature and the other is heated to a specific temperature. In our case, a copper hot 
tip (standard probe) was used in order to measure the TEP of the fretted Ti-6A1-4V and 7075-T6 samples. The 
dual-tipped probe is placed on the sample, an electric circuit is completed and a signal is generated. This signal 
is then processed to obtain a peak reading, which is displayed on the microvolts digital display. The variation in 
this reading between unfretted and fretting zone on the sample is representative of the microstructural changes 
induced by the plastic deformation process. 

On the other hand, in the non-contacting TEP measurements each sample is mounted into two pure copper 
supporters which are perforated by a series of holes and equipped with sealed heat exchangers to facilitate 
efficient heating and cooling and then mounted on a nonmagnetic translation table for scanning. In order to get 
a better heat transfer between the specimen and the copper heat exchangers, a layer of silicone heat sink 
compound was applied. One of the copper supporters is at 15°C, while the other is at 25°C. The temperature 
gradient is kept at ~ 1 °C/mm in all non-contacting TEP measurements, which is more than sufficient to produce 
detectable magnetic signals on fretting damage Ti-6A1-4V and 7075-T6 samples. A pair of fluxgate sensors is 
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used in a gradiometric arrangement in order to detect the thermoelectric signals f rom the fretted damage zone. 
The inspection of the specimen is realized at the horizontal sensor polarization. The lift-off distance between the 
primary sensor and the fretted sample surface is ~ 1.5 mm. 

Results and Discussion 

It is widely accepted that fat igue loading coupled with contact pressure between two components causes 
premature crack nucleation and eventually accelerates crack growth causing components to fail unexpectedly, 
even at stress levels below their plain fat igue limit or at fewer life cycles than predicted by plain fatigue analysis 
[16,17]. The fretted surface was also examined by scanning electron microscopy (SEM). Figure 4a shows the 
high resolution images (with SEM) of the fretting fatigue surfaces for the specimen manufactured f rom 7075-T6 
alloy, and f igure 4b presents the high resolution images of the specimen f rom Ti-6A1-4V alloy. Since oxygen in 
titanium alloys is a promoter of a-phase, one might expect near surface transformation to a brittle layer by the 
combined effect of increased oxygen content and large plastic deformation. Figure 4b shows the "al tered" 
surface layers induced by the high fretting Ti-6A1-4V sample. Transfer of material f rom one surface to the other 
was observed in fretting scars, especially for specimens subjected to the larger contact stresses. It has been 
shown that transfer during dry sliding of metals can produce a thin layer of "mechanically al loyed" material 
with extremely f ine grain structure. This transfer material was found to shear off at the bond line and produce 
hard wear debris. The dry sliding wear effects could be part of the crack generation process as shown in Fig 4b. 

Figure 4. S E M micrographs of the high fretted aerospace alloys 

In Figure 4a can be better seen the two zones of the contact region. In the centre of the contact it is localized a 
smooth zone, named stick zone and around this a rough zone, named slip zone. The presence of the stick and 
the slip zones in the contact region shows clearly the partial slip regime [18]. In f igure 4a can be clearly seen a 
big crack that is located at the interface between the two zones present in the contact. Such location of the 
fretting fat igue crack has been described in several research papers [19,20]. 
All the Ti-6A1-4V and 7075-T6 samples were tested using the contacting and non-contacting thermoelectric 
techniques. In the case of TEP measurements with the contacting technique, Fig. 5, the relative TEP value of the 
7075-T6 fretted samples decrease with regards to the unfretted sample (-0.217 ¡¿V/°C) at the low (-0.336 
|IV/°C) and high (-0.867 JIV/°C) fretting conditions. In the case of the Ti-6A1-4V samples, the relative T E P also 
decreased gradually with regards to the unfretted sample (-4.95 ¡¿V/°C) at the low (-6.32 JIV/°C) and high (-8.96 
|iV/°C) fretting conditions, which correlates well with the hardness gradients and grain size ref inement reported 
for fretting aerospace alloys [21,22]. 
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In the case of magnetic measurements with the non-contacting technique, Fig 6., the magnetic flux density 
increased slightly from —0.088 nT (unfretted) to 2.36 nT ( low fretting) and 4.06 nT ( high fretting ) in 7075-
T6 fretted samples. In the case of the Ti-6A1-4V fretted samples, the magnetic flux density increased 
significantly from —2.86 nT (unfretted) to 5.98 nT (low fretting) and 10.13 nT (high fretting) conditions. 

Figure 5. Relative TEP measurements of fretted 7075-T6 aluminum alloy and Ti-
6A1-4V titanium alloy samples by contacting means. 

Figure 6. Relative TEP measurements of fretted 7075-T6 aluminum alloy and Ti-
6A1-4V titanium alloy samples by non-contacting means. 

Figures 7 and 8 shows the magnetic scans of the fretted Ti-6A1-4V and 7075-T6 samples taken at VT «13.38 
°C/cm temperature gradient with a lift-off distance of 1.5 mm. The measured peak magnetic flux density B is 
also listed for comparison in both cases. As we expected, the main lobes (thermoelectric currents) get stronger 
and the magnitude of the magnetic flux increases as the cold work is more severe and the spatial distribution of 
the field become well defined. The magnetic image recorded from the unfretted Ti-6A1-4V titanium alloy 
samples exhibits a substantial background thermoelectric signature due to the crystallographic anisotropy as 
shown in Figure 7a. For example, in the two phases (a+P) Ti-6A1-4V alloy the manufacturing process used to 
fabricate stock materials (bar, billet, plate ect.) tend to induce a preferred crystallo graphic orientation due to the 
restricted nature of mechanical slip (dislocations), leaving the material with a remarkable macroscopic 
anisotropy [23]. In this respect, the 7075-T6 aluminum alloy is a homogeneous or texture-free material that 
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results in a slight background thermoelectric signature as shown in Figure 8a. Correlation with the 
micro structural analysis and microhardness measurements indicated that such evolution of the magnetic f lux 
density exclusively corresponds to the residual stresses [6]. Overall this study reveals that the non-contacting 
technique is more sensitive to the presence of residual stresses, whereas the contact technique is strongly 
influenced by the grain size refinements and work hardening [7]. 

Figure 7. Magnet ic signatures recorded on a) unfretted, b) low fretted and c) high 
fretted Ti-6A1-4V samples . 

Figure 8. Magnet ic signatures recorded on a) unfretted , b) low fretted and c ) high 
fretted 7075-T6 samples . 

Conclusions 

In the current research, TEP measurements were applied as a non-destructive assessment technique to detect 
subtle material variations produced by fretting damage in aerospace materials. The TEP measurements were so 
sensitivity to the work hardening, grain ref inement and residual stresses induced by plastic deformation in the 
fretting damage zone. The purpose of this research work is to suggest an alternative non-destructive method to 
detect and quantified subsurface changes in fretted 7075-T6 and TÌ-6A1-4V samples by thermoelectric means. 
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The 7075-T6 alloy is more sensitive to fretting fat igue than the TÍ-6A1-4V alloy, this being just if ied by its lower 
resistance to wear damage. 
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Abstract: 
During the solidification process of peritectic steel (PS), the peritectic reaction 

often causes volume contraction which associated with surface longitudinal cracks, 
and using mould flux with low heat flux density help for alleviating surface 
longitudinal cracks. New peritectic steel mold flux with Co203 doping reduced the 
heat flux density, and the optimal content was found to be 2.0 wt %. Furthermore, 
basicity and N a 2 0 addition were designed, and the minimum heat flux density 
required basicity of 1.4 and 10.0 wt %. N a 2 0 content. As a result, the optimal 
peritectic composition was CaO(35.67wt% ), Si02(25.48 wt %), Al203(3.7 wt %), 
MgO(2.53 wt %), Na20(10 wt %), CaF2(14wt%), Co 2 0 3 (2wt%). 

1. Introduction 

Peritectic steels are those within a carbon content range between 0.08% and 
0.17%, Peritectic steels are widely used in construction^ shipbuildings oil and gas 
transportation^ machinery and other industries, peritectic reaction are well known to 
cause 4.7 % volume contraction of casting slab solidification, and result in an uneven 
solidifying shell that can act as an initiator for longitudinal cracking. As a result of the 
enormous output of peritectic steels, the optimization of peritectic steels quality has 
important economic value. 

According to Kawamoto and Tang'points[1"31, using a 'mild cooling' mould flux 
would contribute to alleviate the longitudinal cracking. Moreover, by adding 
transition metal oxides of Fe203 and MnO, heat transfer ability of mold flux can be 
decreased [4"6l For further decreasing heat transfer ability, it needs to find new kind of 
transition metal oxide for peritectic steels mold flux. Cobalt oxide can be used as 
colorant in the glass industry, and it increases the heat resistance of glass by 
blackening the color. And it is well known that mold flux includes glassy layer and 
crystalline layer. If cobalt oxide is used in the peritectic steels mold flux, it maybe has 
the effect on changing transfer ability of peritectic steels mold flux. 
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2. Experimental 

2. ¡Material and sample preparation 

Wollastonite ore, bauxite, dolomite, fluorite and Na2C03 were the experiment 
materials of the PS mold flux. They were supplied by the Wuhan Iron and Steel Group 
Corporation. Co203 and Na2C03 of chemical grade were purchased from the Shanghai 
chemical industrial company, China. All the samples were prepared by mixing and 
calcinations method. Various amount of Co203 was added to wollastonite ore, bauxite, 
dolomite, fluorite, and Na2C03 to prepare the PS mold flux, then the mixtures were 
ball milled at a speed of 150 rpm for 60 min to get the mixed batch (200 g). 

2.2 Sample composition design 

There were six kinds of mold flux for industry, and the optimal peritectic mold 
flux composition was CaO(35.67wt% ), Si02(25.48 wt %), Al203(3.7 wt %), 
MgO(2.53 wt %), Na 20(8 wt %), CaF2(14 wt %). In order to develop a new kind of 
peritectic steel mold flux, this elements were chosen to use as the basis slag. By 
adding cobalt oxide into the basis slag, the heat transfer ability may be reduced. 

Cobalt oxide content, basicity, sodium oxide content was the main impact 
factors for peritectic steels mold flux. According to this three influence, samples were 
designed as follows: 
Table 1. The chemical compositions (wt %) of samples with different basicity, 
Co203 and Na 2 0 content 

sample 
R 

(Ca0/Si02) 
CaO Si02 Ai2o3 N a 2 0 CaF2 Co203 

0#(basis slag) 1.4 35.58 25.48 3.70 8.00 14.00 0 
1# 1.4 35.58 25.48 3.70 8.00 14.00 1.00 
2# 1.4 35.58 25.48 3.70 8.00 14.00 1.50 
3# 1.4 35.58 25.48 3.70 8.00 14.00 2.00 
4# 1.4 35.58 25.48 3.70 8.00 14.00 2.50 
5# 1.0 25.48 25.48 3.70 8.00 14.00 2.00 
6# 1.1 28.02 25.48 3.70 8.00 14.00 2.00 
7# 1.2 30.58 25.48 3.70 8.00 14.00 2.00 
8# 1.3 33.12 25.48 3.70 8.00 14.00 2.00 
9# 1.4 35.67 25.48 3.70 8.00 14.00 2.00 
10# 1.4 35.67 25.48 3.50 3.00 14.00 2.00 
11# 1.4 35.67 25.48 3.50 4.00 14.00 2.00 
12# 1.4 35.67 25.48 3.50 5.00 14.00 2.00 
13# 1.4 35.67 25.48 3.50 6.00 14.00 2.00 
14# 1.4 35.67 25.48 3.50 7.00 14.00 2.00 
15# 1.4 35.67 25.48 3.50 8.00 14.00 2.00 
16# 1.4 35.67 25.48 3.50 9.00 14.00 2.00 
10# 1.4 35.67 25.48 3.50 10.00 14.00 2.00 
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3 Result and discussion 

3.1 Heat flux density of mold slag with different cobalt oxide content 

The samples were transferred into a HF-200 heat flux simulator (Fig. 1), in which 
the samples was tested at 1400 °C. The testing result was shown as follows: 

C'o content ( w t % ) 

Figurel. Heat flux density of slag film with addition of C02O3. 

The heat flux density data of serials Co doped in 0# were the highest, and 3# (2 
wt% C02O3) was the lowest. When the cobalt oxide content in the basic slag increased 
from 1 to 2 wt %, the heat flux density decreased. Once the cobalt oxide content was 
increased from 2 wt % to 2.5 wt %, the heat flux density was increased. Whatever the 
cobalt oxide content was from 1% to 2.5 wt %, the heat flux density was much lower 
than the basis slag. Thus cobalt oxide plays a role of increasing the thermal resistance, 
and the cobalt oxide content in PS mold flux could change the heat flux density. 

3.2 Basicity effect with different cobalt oxide content 

The chemical compositions of mold fluxes with different basicity were listed in 
tablet.The heat flux density testing result was shown as flg.2. 
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Figure2. Heat flux density of samples at different basicity. 

Actually, basicity calculated as this formula: R = 
%wt(Si02) 

The heat flux density results demonstrated the samples followed the order: 
7#>5#>8#>6#>9#. Corresponding, the basicity followed the order: 9#>8#>7#>6#>5#, 
and 9#(R=1.4) had the lowest heat flux density. Combined with heat flux density and 
basicity, the new peritectic steel mold flux could be prepared as basicity of 1.4. Xiao m 

pointed out CaO is an important component for crystallizing, with the increasing 
basicity, higher crystallization tendency can be detected. Consequently, the higher 
basicity brought better crystallinity ability, and the better crystallinity ability 
decreased the heat transfer ability of peritectic steels mold flux. 

3.3 Heat flux density of cobalt oxide containing mold slag with different Na?0 

content 

with the addition of Na 2 0, break temperature and melting temperature of mold 

flux decreased obviously'81. N a 2 0 also could decrease the melting temperature of 

fluxes by the formation of compound with low melting temperature [9l In order to 

study the effect of N a 2 0 on the heat flux density, the chemical compositions of mold 

fluxes with different Na20 content were listed in table 1. 

With the HF-200 heat flux simulator, the heat flux density result was shown as 

follows: 
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N;i,G content% 

Figure3. Heat flux density of samples with different N a 2 0 addition. 

The heat flux density data of serials N a 2 0 doped in samples were shown in Fig.3 
If the N a 2 0 content in the basic slag increased from 3 to 5 wt %, the heat flux density 
decreased first and then increased. And when the N a 2 0 content increased from 5 to 
lOwt %, the heat flux density decreased. The heat flux density results demonstrated 
the samples followed the order: 10#>12#>11#>13#>14#>15#>16#>17#. 

In summary, high N a 2 0 content did favor for decreasing heat flux density of mold 
flux, and 17# (10 wt % Na 2 0) had the lowest heat flux density. 

2.4 Chemical composition of optimization slag 

Based on the above analysis, the optimization chemical composition of peritectic 
steel mold flux was shown in table 4. 
Table4. The optimization chemical compositions (wt %) of peritecitc steel mold flux 

sample R CaO% S i0 2 % AI2O3% MgO% N a 2 0 % CaF2% C o 2 0 3 % 

18# 1.40 35.67 25.48 3.70 2.53 10 14.00 2.00 

3. Conclusion 

Co 2 0 3 doped in Peritectic steel mold flux could decrease the heat flux density, 
meanwhile the PS mold flux with 2 wt % performed the optimal heat resistance 
properties. 

In order to further optimize the Peritectic steel mold flux with Co2C>3 doping, 
basicity and N a 2 0 flux were considered. The experiment results showed that high 
basicity and high N a 2 0 content helped with decreasing the heat flux density of mold 
flux. 

To summarize, the optimal peritectic composition was CaO(35.67wt% ), 
Si02(25.48 wt %), Al203(3.7 wt %), MgO(2.53 wt %), Na 2 0(10 wt %), CaF2(14 
wt %), CO203(2 wt %). Comparing with others samples, this composition of peritectic 
mold flux had the lowest heat flux density. 
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Abstract 

Electrochemical behavior of natural chalcopyrite in electrolyte solution at pH value of 6.97 was 
studied by cyclic voltammetry, X-ray photoelectron spectroscopy and electrochemical 
impedance spectroscopy. The results showed that the electrochemical processes occurred on 
electrode surface were controlled mainly by the growth of sulfur species at lower applied 
potentials (<0.35Vvs.SHE), and the oxidative dissolution of sulfur species and the hydroxylation 
of iron at higher applied potential (>0.45V). The EIS spectra of oxide product layers could be 
illustrated by the equivalent circuit of Re(Q,nR<;t(QfRf)), and the degree of hydrophilicity for 
chalcopyrite was higher when the value of charge transfer resistance Ret. was greater. The 
optimum potential range for the floatation of chalcopyrite in collectorless solution at pH value of 
6.97 was between OCP (0.165V) and 0.35V.' 

Introduction 

Pulp potential control flotation technology has developed into an important direction in mineral 
processing field [1], At different pulp potentials (Eh), the complex processes including redox 
reactions, chemical reactions, dissolution, adsorption and precipitation would occur, inducing a 
modification of mineral surface and forming oxide products with heterogeneous composition, 
and thus influences the hydrophobicity or hydrophilicity of mineral indirectly [2,3,12], Most 
processes are related to electrochemical reactions, and therefore it is important to study the 
electrochemical oxidation mechanism for minerals. 

As the most abundant copper bearing mineral, chalcopyrite is recovered from mineral ore by 
flotation. In electrochemically controlled condition, many research works in past few decades 
have been concentrated on the flotation behavior, identification of surface species, and 
determination of the degree of hydrophobicity for chalcopyrite [4-9], Giiler et al. (2004) 
proposed that natural chalcopyrite exhibited the property of hydrophobic at moderately oxidizing 
potentials (0-0.3Vvs.SHE) in neutral solution. Kocabag et al. (2007) confirmed that chalcopyrite 
could be floated in the potential range of 0 to +0.45V vs.SHE in neutral solution by the 
microflotation experiment. They explained their experiment results by reaction (1) proposed by 
Gardner and Woods, 1979, and considered that the hydrophobic CuS and S0 species were 
responsible for the floatability of chalcopyrite in whole floatable potential range. The 
understanding of the chalcopyrite electrochemical oxidation mechanism is depended on 
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electrochemical techniques and surface analysis techniques. Cyclic voltammetry (CV) was 
extensively adopted to study the redox reactions for minerals surface in the flotation solutions 
[7,10,11], As compared with CV analysis, electrochemical impedance spectroscopy (EIS) had 
more advantages on studying sulfide mineral surfaces. It could be employed to study reaction 
kinetics under redox conditions, which closely resemble flotation (Chander and Briceno, 1987). 
Velasquez et al. (2004) studied electrochemical oxidization mechanism of chalcopyrite by EIS in 
alkaline solution. However, there were few literatures studied the electrochemical oxidization 
processes in the neutral solution by EIS. 

CuFeS2(s) + 3 H2OoCuS(s) +Fe(OH\{S) +S° + 3 H+ + 3 e ~ ( 1 ) 

Thus, the present work is to identify the composition of oxide product layers on the surface of 
chalcopyrite at different applied potentials by XPS, and to analyze the oxidization mechanism, 
reaction kinetics and relationship between the hydrophobicity of chalcopyrite surface and 
impedance characteristic of surface product layers in neutral solution by EIS. 

The experimental strategy was divided into four parts. In the first part, the CV was performed to 
determine the applied potentials that are related to the contributions of main currents, and these 
contributions were associated to the different electrochemical processes that occurred on the 
surface of chalcopyrite electrode. In the second part, three applied potential values were selected 
at the contributions of main currents according to the CV results. Then the electrode was 
polarized to these applied potentials and kept for 600 s. The stable surface species could be 
formed during these treatments and the composition of these species were analyzed by XPS. In 
the third part, the EIS measurements were carried out at the selected applied potentials to study 
the electrochemical processes occurred at various applied potentials. In the final part, the 
electrode was polarized to these applied potentials and kept for 600 s, and then EIS 
measurements were carried out to study the impedance characteristic of oxide product layers that 
were formed during the treatment. 

Experimental 

Sample and solution 

The natural chalcopyrite sample from Anhwei province, China, was prepared as working 
electrode. The sample was connected with copper wire, and then encapsulated in epoxy resin 
with l x l c m 2 area exposed. The surface of working electrode was polished using 1200-grade 
silicon carbide papers before experiments. 

The electrolyte solution with 0.1M KNO3 was prepared in distilled water first, and then 0.025M 
Na 2 HP0 4 and 0.025M KH 2 P0 4 which could keep the pH value of the solution at 6.97 during 
experiments were added into the solution [7,12], All chemical reagents are of analytical grade. 

Electrochemical experiment 

A conventional three-electrode cell system was used in electrochemical experiments. A piece of 
platinum and a satured calomel electrode (SCE) were employed as auxiliary electrode and 
reference electrode respectively. All the potentials mentioned in this paper have been converted 
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to the SHE values by adding 245mV to SCE values [14]. The electrochemical measurements 
were performed using a model 5210 lock in amplifier coupled with potentiostat model 273. The 
scan frequency range was 100 kHz to 10 mHz, and the perturbation amplitude was 5 mV in AC 
impedance measurements. In CV test, the scan rate was 50mV/s, and the scanning regions were 
from -0.6 V to +0.9Vvs.SHE. The initial retard of 300 s for all the electrochemical tests was set 
to obtain a stable testing system. The data of impedance spectra was fitted using the 
Zimpwin3.20 software. 

Results and discussions 

Cyclic voltammetry 

To determine the applied potentials that induced main current contributions (peaks) on the 
chalcopyrite surface in neutral solution, the cyclic voltammogram curve was measured and the 
results are shown in Fig.l. The scan potential is initiated at 0.042V and increases in positive 
direction. An anodic peak A1 (current contribution A l ) appears in the potential range from 
0.165V to 0.49V, and then peak A2 (current contribution A2) in the potential range from 0.49V 
to 0.7V can be observed. It suggests that, in these two potential ranges, different electrochemical 
reactions with certain degree of irreversibility occur on the chalcopyrite, and these reactions 
induce the modification of the chemical composition of chalcopyrite surface. 

In negative sweep direction, the cathodic peaks CI, C2, and C3 may represent the unfully 
reversible reduction reactions related to the oxide products that formed in positive sweep 
direction. 

2 . 0 -
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J 0 . 5 -

S o.o-

s 
g - 0 . 5 -
o 

- l . o -

-0.8 -0 .4 0.0 0 .4 0.8 
Eh (V v s . S H E ) 

Fig 1. Cyclic voltammogram of natural chalcopyrite electrode in 
0.1 mol/L KN0 3 solution at pH 6.97. 

X-ray photoelectron spectroscopy 

The chemical composition of oxide product layers formed on the chalcopyrite surface at different 
applied potentials has been analyzed by XPS in our previous work[13]. The selected potentials 
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included the open circuit potential (OCP) around 0.165V, and another two potentials at the 
contribution of main currents (Al, A2) in anodic sweep direction, 0.35V and 0.6V. 

The XPS results indicate that plenty of S2" (CuFei.xS2,), S22"(CuS2), and polysulfide species are 
produced on the surface of chalcopyrite at the commence potential of electrochemical process 
A l (OCP). At the applied potential of 0.35V, besides the species formed at OCP, a little of S04

2" 
species appears on the surface of chalcopyrite. Plenty of Fe(OH)3 and S04

2" species covered the 
chalcopyrite surface when the potential is 0.6V, which is related to the electrochemical process 
A2. 

Electrochemical Impedance Spectroscopy (EIS) results 

The electrochemical oxidation processes of chalcopyrite electrode surface and relevant models. 
The EIS measurements at different applied potentials were conducted to investigate the 
electrochemical processes that occurred on electrode surface. The applied potentials are 0.15V, 
0.35V, 0.45V and 0.6V, and they are related to contributions of peak A l and A2 in Fig.l. The 
EIS results are shown in Fig.2. The Nyquist plot contains two capacitive loops The high 
frequency capacitive loop represents the properties of the electric double layer at the interface of 
electrode and solution [15], and the low frequency capacitive loop is induced by oxide product 
layers [16,17], 

Fig 2. Nyquist and Bode plots for natural chalcopyrite electrode in 0.1 mol/L KNO3 solution at 
pH 6.97 under different potential conditions (a)Nuquist; (b)Bode. 

When the applied potential is 0.15V, slightly lower than OCP (0.165V), there is one time 
constant in bode diagram, which is induced by electric double layer of chalcopyrite 
electrode/solution interface. It suggests that no redox/electrochemical processes occur on the 
chalcopyrite surface. A new phase angle appears in low frequency region in bode diagram at the 
applied potential of 0.35V which is located at the current contribution labeled A l in Fig. 1, and it 
implied that the electrochemical reactions occur, CuFei-xS2, CUS2, Sn

2", FeOOH, Fe203 species 
and a little of S04

2" species are formed on the electrode surface. This is in agreement with the 
CV results that the current contribution A l is resulted from the redox reaction. These species 
enhances the hydrophobicity of the chalcopyrite electrode surface. Therefore, electrode surface is 
in the station of strong passivity by deficient-iron rich-sulfur layers at this potential. When the 
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applied potential reaches 0.45V, the characteristic of EIS plot is similar to that at 0.35V, but the 
dimension of high frequency capacitive loop slightly shrinks, which indicates that the anodic 
dissolution rate of electrode surface is accelerated. This potential is located in the potential range 
of the peak A1 between 0.165V and 0.49V. The iron and sulfur in deficient-iron rich-sulfur 
layers are further oxidized, and the amount of FeOOH, Fe203 , and S04

2" species increase 
compared with that at OCP. Thus, at this potential, the hydrophobicity of electrode surface is 
slightly decreased. With the applied potential increases to 0.6V, the EIS spectra changes greatly, 
two capacitive loops are observed, but they are depressed greatly. It indicates that the anodic 
dissolution rate is further accerlated. This potential is located within the current contribution 
labeled A2 in Fig.l. A little CuO and plenty of Fe(OH)3, S04

2" species are formed and are 
precipitated on the surface of chal copy rite electrode. Therefore, the oxidative dissolution of rich-
sulfur species and the hydroxylation of iron are the controlled step of electrode surface processes, 
which controlled the hydrophilicity of electrode surface. 

Impedance characteristic of oxide product layers. In order to investigate the relation between the 
hydrophobicity of electrode surface and EIS of oxide product layers, the EIS measurements were 
done after the electrode was polarized to various applied potentials for 600s, and Fig.3 is the EIS 
spectra. All the EIS spectra are composed of one high-frequency capacitive loop and one low-
frequency capacitive loop, and they represents the properties of electric double layer and 
products layer on electrode respectively. At OCP and 0.35V, the dimension high-frequency 
capacitive loop does not change much. With the increase of applied potential, the dimension 
high-frequency capacitive loops decreases. 

Fig.4 is the equivalent circuit corresponded to the EIS spectra. Re is the solution resistance; Qa 
(CPEdi) is the double layer capacity and Rct refers to the charge transfer resistance, Rct in 

parallel with CPEa is used to describe the high frequency capacitance loop; Rf and Qf 
corresponds to the resistance and capacitance of oxide product layers, Rf in parallel with Cf 
corresponds to the low frequency capacitance loop. The constant phase element (CPE) behaves 
as a capacitance, which varies with the frequency and is used to compensate for the non-
homogeneity in the system including porosity, fractal geometry, the distribution of interfacial 
capacitances [18,19], 

Fig.5 shows the fitting values of Rct in equivalent circuit. At the applied potential of 0.35V, the 
charge transfer resistance Rct is 491 i n , slightly decreases compared with that at OCP. The 
values of Rct decreases greatly when the applied potential is higher than 0.35V. It is obvious that 
Rct values could be employed to illustrate the hydrophobicity or hydrophilicity of electrode. At 
OCP, the electrode surface of oxide product layers is composed mainly of CuFei_xS2, CuS2 and 
polysulfide species by iron atom migration. These species will improve the hydrophobicity of 
chalcopyrite. Thus, R^ has largest value at this potential. When the applied potential increases to 
0.35V, a little of sulfur species are oxidized to S04

2" species. The hydrophilicity of chalcopyrite 
is enhanced slightly, and thus R^ slightly reduces to 491 l f l . With the increase of applied 
potential, plenty of CuFeS2,CuS2,Sn

2" are oxidized to S04
2" and plenty of Fe(OH)3 that coveres 

the surface of electrode, and the electrode surface of hydrophilicity is greatly enhanced. 
Therefore, the charge transfer resistance Rct shapely decreases. In a word, the EIS analysis 
proves that the chalcopyrite has a good hydrophobicity in the potential range from OCP to 0.35V, 
which is in agreement with the results proposed by Giiler et al. (2004) and Kocabag et al. (2007). 
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Fig 3. Nyquist plot for natural chalcopyrite electrode after electrochemical treatment under 
various indicated potentials for 600s in 0.1 mol/L KN03solution at pH 6.97. 

Fig 4. The equivalent circuit of chalcopyrite in 0.1M 
KNO3 neutral solution. 
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Fig 5. Values of R t̂ in equivalent circuit at various applied potentials. 
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Conclusions 

In electrochemical oxidization processes of chalcopyrite, there are two electrochemical processes 
in the scan potential range, A1 and A2, and they occur between (OCP) 0.165V and 0.49V, 0.49V 
and 0.7V, respectively. The electrochemical oxidization process A1 is mainly controlled by the 
growth ofS2-(CuFei.xS2,), S2

2"(CuS2), and Sn
2"(polysulfide) species, and this process determines 

the hydrophobicity of chalcopyrite. The electrochemical oxidization process A2 is mainly 
controlled by the oxidative dissolution of sulfur species and the hydroxylation of iron, and this 
process influences the hydrophilicity of chalcopyrite. The EIS spectra of oxide product layers 
could be illustrated by the equivalent circuit of Re(QdiRct(QfRf)), and the degree of hydrophilicity 
for chalcopyrite is higher when the value of charge transfer resistance R^. is at larger value. 
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Abstract 

The interface between the matrix and the reinforcing fiber plays an important role in the 
efficiency by which an applied load is transmitted through the composite structure. The shear 
stress at the fiber/matrix interface can be associated with this load transference and, 
consequently, affects the composite strength. In the present work, pullout tests were used to 
evaluate the interfacial shear stress of malva fiber in epoxy matrix composites. A small critical 
length was found for the malva fiber embedded in epoxy, which corresponds to a relatively weak 
fiber/matrix bond and lower interfacial strength. 

Keywords: epoxy composite, pullout test, malva fiber, fracture analysis. 

Introduction 

Fiber reinforced composites are associated with a successful class of materials with modern 
applications in many industrial branches where optimum combination of properties is desirable 
[1-2]. Important examples are those of synthetic fibers like aramid and carbon reinforcing 
composites for which high mechanical strength, stiffness and toughness are required like in 
armor protection and airplane structure. Other uses such as light weight automobile interior 
components or chemical storing tanks that do not require high mechanical performance have 
been fabricated with glass fiber composites. In fact, glass fiber is today the most widely used 
reinforcement for polymeric composites mainly by its low cost as compared to other synthetic 
fibers [3], 

Energy and environmental questions are presently favoring the replacement of glass fiber by 
natural fibers in its typical composite applications [4], The advantage of natural fibers, especially 
those lignocellulosic extracted from plants, over the glass fiber are presently a great motivation 
for the increasing use of "green" composites in automobiles [5-6-7], Glass fiber is more 
expensive, heavier and abrasive to processing equipment. Moreover, this synthetic fiber presents 
a health risk when inhaled and its fabrication is associated a high consumption of energy. None 
of these shortcomings applied to lignocellulosic fibers that, in addition, are renewable, 
biodegradable and neutral with respect to carbon dioxide emission, which is believe to be the 
root cause of the earth greenhouse effect and, by extension, the responsible for global warming. 
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One important disadvantage of natural fibers is their limited dimensions as compared with 
synthetic fibers that can be fabricated in a continuous way with required length and diameter. 
However, for composite reinforcement only a critical length is necessary for maximum 
reinforcement [8,9], In other words, a long fiber for composite strengthening does not need to 
have a length 15 times greater than the critical length for effective reinforcement [9], Therefore, 
the question for a lignocellulosic fiber is the value of its critical length, /c, which also permits the 
evaluation of its interfacial strength, Xl5 with a specific polymer matrix. Kelly and Tyson [10] 
proposed a method to evaluate the value of X! based on the experimentally determined critical 
length by pullout tests. 

X, = r_CTL (1 ) 
2 / c 

Where r is the fiber radius and CTf is the fiber tensile strength, and lc is the critical length. 

Equation (1) has been applied in different lignocellulosic fibers using polyester as matrix for the 
pullout tests [11-14], In these works it was generally found that the interfacial strength was 
relatively low for natural fibers embedded in polyester capsules simulating the composite matrix. 
Epoxy is another thermoset polymer with extensive application as composite matrix. Therefore, 
the objective of the present work was to evaluate the interfacial shear stress of malva fiber 
reinforcing epoxy matrix composites by means of pullout tests. 

Experimental Procedure 

The fibers of malva (Urena Lobbata, Linn) were obtained from the Brazilian firm in the state of 
Para, north of Brazil. Figure 1 illustrates a plant of malva that belongs to the family of the 
Malvaceae, and is native of the Amazon and Para region. The malva fiber is known by its high 
strength, smoothness and low density [2], 

Figure 1. A malva plantation (Urena lobbata,linn) 
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The fibers were used in the as-received condition, without any surface treatment, after a room 
temperature drying procedure. The length and the diameter of the fibers were statistically 
evaluated as shown in Fig. 2. In this figure, it can be seen that most of the malva fibers has an 
average length of 180 mm and a relatively small average diameter of 0.065 mm, explained by the 
large dispertion common in natural fibers. 

Figure 2. Statistical distribution of malva fiber dimensions. 

The pullout test was performed according to the schematic drawing shown in Fig. 3. The 
embedded length L in Fig. 3 was varied from 3 to 50 mm in order to generate a pullout tensile 
stress versus L curve. The single malva fiber was mounted on cylindrical epoxy socket, Fig. 3, 
with 6 mm in diameter. The pullout test was conducted on a mechanically driven Instron 
machine with pneumatic action grips at a strain rate of 5 x 10"3 s"1. A holding pressure of 0.15 
MPa was experimentally determined to provide reliable test results. The polymeric resin used as 
the embedding material, simulating the composite matrix, was a commercially available 
stoichiometric epoxy type, phrl3, diglycidyl ether of the bisphenol-A (DGEBA) resin mixed 
with a triethhylene tetramine (TETA) hardener. The fiber/epoxy socket was cured at room 
temperature for at least 24 hours. A minimum of 20 specimens were tested for each value of L. 
Scanning electron microscopy, SEM, observations of the curaua fibers were conducted in a 
model JSM6460 LV Jeol microscope, operating at 20kV. 

Figure 3. Schematic representation of the pullout test. 

459 



Results and Discussion 

The results of more than 100 pullout test are summarized in Table 1 . 

Table 1. Average Pullout Tensile Strength for each embedded malva fiber length. 

In addition to pullout tests, conventional tensile tests were also performed in more than 20 single 
fibers. The results of these tensile tests correspond to those malva fibers within the statistical data 
presented in Fig. 2. The mean value obtained for the tensile strength of single fibers was: 

: 309.2 +279.1 MPa (2) 

From the data in Table 1, the variation of the pullout strength with the embedded fiber length, L, 
was plotted in Fig. 4. In association with each point, the corresponding statistical limits of the 
standard deviation are also shown. The first thing to be noticed in the plot in Fig. 4 is the 
relatively large dispersion of values given by the statistical limits. This is a consequence of the 
intrinsic heterogeneous characteristics presented by natural fibers [16]. No matter how large 
could be the number of tested specimens for each L, a considerable dispersion would always be 
found. Therefore, it is not possible to interpret the pullout results of a natural fiber, Fig. 4, in the 
same manner as for synthetic fibers' results. In other words, no precise value of a critical length, 
/c, can be determined from plots such as that for malva fibers. 

Considering the mean values and their statistical limits in Fig. 4, it is proposed the following 
interpretation for the variation of the pullout strength with L. For values of L below 3 mm, the 
fiber normally slides out of the epoxy socket without rupture. This is a clear indication that the 
embedded length is shorter than that critically required to hold the fiber in contact with the 
polymeric matrix [9], 
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Figure 4. Variation of pullout strength as a function of the embedded fiber length. 

The arbitrary consideration of the horizontal lines in Fig. 4 now allows the determination of the 
value of / c . This corresponds to minimum embedded length investigated or the shorter embedded 
length in the matrix, causing slippage of the fiber and no rupture: 

The embedded length of the malva fibers was decreased until slippage from the matrix occuring 
without the rupture, leaving an empty cavity in the analysed matrix. More precise evaluation of 
the critical length could perhaps be done by considering the smaller embedded length. However, 
the relatively large dispersion in the statistical limits makes such a consideration in the case of 
malva fibers of no relevance. With the value of lc from Eq. (3) one can calculate the shear 
strength at the malva fiber/epoxy interface using the Eq. (1). In this equation the value of r can 
be a source of error for natural fibers, since the cross section are not, usually, circular. Moreover, 
the resulting area of the fiber can vary in forms and dimensions over fairly large ranges [11], For 
the calculation of the interface shear strength,Xi, the mean radius r = 0.07 mm, obtained from Fig. 
2, was considered. Thus, the calculated value and corresponding statistical limits for Ti was 
obtained. 

Comparing this value with others reported on the literature [11,17,19] it can be inferred that the 
malva fiber/epoxy interface is relatively strong. This corroborates the common trend found when 
lignocellulosic fibers [20,21] are used to reinforce polymeric matrix composites. For instance, 
the piassava fiber/polyester interface may reach Ti = 2.8 MPa [11], while the sisal 

4 = 2.6 mm (3) 

Ti = 3.1+1.17 MPa (4) 
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fiber/polystyrene interface shear strength can be estimated as X\ = 2.2 MPa [19]. By contrast, 
synthetic fibers/polymeric interfaces are comparatively stronger. For example, fiber 
glass/polypropylene has t i= 15.2 MPa and carbon fiber/polypropylene, t\ = 18.2 MPa [18]. 

Figure 5 shows, by SEM, the aspect a malva fiber before and after testing. It is important, in this 
figure, to notice the heterogeneous characteristic of the fiber, which is composed of many 
naturally bound filaments. 

Figure 5. Typical aspects of malva fibers: (a) before testing and (b) after testing. 

The experimental value determined in the present work for the critical length of the malva 
fiber/epoxy composites is of significant practical interest. Since the naturally extracted malva 
fibers have lengths that may reach I = 180mm, the critical length in Eq. (2) is much smaller than 
the commonly accepted [9] / > 15 lc ratio that defines a continuous fiber. Therefore, the naturally 
extracted curaua fibers will normally act as continuous fibers for load bearing applications when 
used as reinforcement for polymeric composites. 

Conclusions 

• Malva fibers are among the strongest lignocellulosic fibers with tensile strengths that may 
reach values above 400 MPa. 

• The critical fiber length evaluated by pullout testes was found to be lc = 2.6 mm , which is 
comparable to others found for piassava, sisal and curaua. 

• The calculated malva fiber/epoxy resin interface shear strength is relatively large, x¡ = 3.10 
MPa, but of the same order expected for natural fibers. 

• In terms of the commercially available lengths, the malva fibers correspond to continuous 
fibers for polymeric matrix composite reinforcement. 
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Abstract 

The environmental concern is creating pressure for the substitution of high energy consumption 
materials for natural and sustainable ones. Compared to synthetic fibers, natural fibers have 
shown advantages in technical aspects such as flexibility and toughness. So there is a growing 
worldwide interest in the use of these fibers. Fique fiber extracted from fique plant, presents 
some significant characteristic, but until now only few studies on fique fiber were performed. 
This work aims to make the analysis of the tensile strength of polyester composites reinforced 
with fique fibers. The fibers were incorporated into the polyester matrix with volume fraction 
from 0 to 30%. After fracture the specimens were analyzed by a SEM (scanning electron 
microscope). 

Introduction 

The interest of this research is to develop composites with polyester resin matrix reinforced with 
continuous and aligned fique fibers, for applications in various industries, including construction 
and automotive industry. Conflicts related to the use of non-renewable forms of energy are 
increasing the interest to enter the market to replace natural materials, synthetic materials 
synthetics have a higher power consumption in its manufacture [1-4]. 

Therefore, applications of natural lignocellulosic fibers obtained from cellulose-based plants are 
receiving increased attention as an alternative to replace more environmentally correct non-
recyclable materials, energy intensive and glass fiber composites in [5-6], 

The use of composites reinforced with natural fibers is a reflection of the concerns with 
environmental issues such as pollution caused by waste that is not biodegradable or cannot be 
incinerated and climate change due to C02 emissions associated with the processes of intensive 
energy and also motivates this work to develop self-sustaining, since natural fibers generate a 
source of income, especially in developing countries, where most originate, encouraging the 
cultivation of non-food agriculture [7-9], Additionally, it is worth also remembering that these 
fibers come from renewable sources, in addition to being abundant, inexpensive and have a 
relevant set of mechanical properties [10]. 
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Then, in order to have a composite rigid enough to compete with conventional products such as 
sheets of wood, only a limited percentage of fique fiber can be incorporated in the polymeric 
matrix [11-13], This means that the final cost of the composite would more depending on its 
processing and polymer resin used as matrix. Therefore, the aim of this work was to study the 
mechanical properties of polyester matrix composites reinforced with continuous fibers and lined 
with fique. 

Experimental Procedure 

Composites were prepared with distinct volume fractions, up to 30%, of fique fibers incorporated 
into a commercial unsaturated polyester resin, already mixed with 0.5 wt% of methyl-ethyl-
ketone. The as-received fique fibers were first cleaned in water and then dried at 60° C for 24 
hours. Tensile specimens for each composite was fabricated by laying down the fique fibers in a 
flat and open dog-bone shaped silicone mold with 5.8 x 4.5 mm of reduced cross section and 35 
mm of gage length of the specimen, which corresponds to the tensile axis. Still fluid polyester 
resin already mixed with the hardener was poured onto the fique fibers inside the mold and 
allowed to cure for 24 hours at room temperature. 

A total of seven composite specimens were prepared for a given volume fraction of fique fiber. 
Each specimen was tensile tested in a model 5582 universal Instron machine at an acclimatized 
25° C and a strain rate of 1.0 mm/s. The fracture surface of some representative specimens was 
attached to a metallic support by a conducting carbon tape and then coated with platinum to be 
analyzed by scanning electron microscopy, SEM, in a model SSX-550 Shimadzu microscope 
operating with secondary electron at an accelerating voltage of 15 kV. 

Results and Discussion 

Examples of tensile load vs. elongation curves for distinct volume fraction composite specimens 
are shown in Figure 1. 
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Figure 1. Tensile load vs. elongation curves for polyester composites 
of volume fraction of fique fibers 

Figure 2 depicts the macro aspects of typical tensile ruptured specimens for each volume fraction 
of fique fiber incorporated into polyester composites. 

Figure 2. Typical tensile ruptured specimens of polyester composites with different volume 
fraction of continuous and aligned fique fiber 

Based on the results of the tensile load vs. elongation curves, such as the ones shown in Fig 1, 
the tensile strength, elastic modulus and the total deformation were evaluated. Table 1 presents 
the average value of these tensile properties for the distinct volume fraction incorporated into 
polyester composite. 

Table 1. Tensile properties of the polyester composites incorporated with continuous and aligned 
fique fibers 

Volume Fraction of Tensile Strength Elastic Modulus Total Deformation 
fique fiber (%) (MPa) (GPa) (%) 

0 27.72 ± 7,22 0.31 ±0.12 3.33 ±2.80 
10 32.98 ±3.36 0.28 ±0.23 7.30 ± 1.81 
20 47.54 ± 6.42 0.68 ±0.24 6.91 ± 1.31 
30 61.65 ±6.76 0.72 ±0.11 8.88 ± 1.12 

Figure 3 plots the variation of the tensile strength, elastic modulus and total deformation, 
presented in Table 1 for polyester composites, with the volume fraction of fique fibers. 
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Figure 3. Variation of the tensile strength (a) and elastic modulus (b) and total deformation (c) 
with the volume fraction of fique fibers in polyester composites. 

An important result to be mentioned in Fig. 3 is that, as the percentage of fique fiber increases, 
the tensile strength, elastic modulus and total deformation in a nearly linear relationship, 
although the elastic modulus practically do not vary between 0 and 10%. 

Figure 4 shows with different magnifications the typical SEM fractographs of tensile ruptured 
specimens corresponding to polyester composite incorporated with a volume fraction of 30% of 
fique fibers. 

Figure 4. SEM fractographs of a polyester composite with 30% of volume fraction of fique 
fibers: (a) 50x and (b) lOOx 
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The fracture analysis of representative tensile ruptured specimens was performed by microscopic 
(SEM) observations. Figure 4 shows typical SEM fractographs of a 30% volume fraction of 
fique fiber reinforced polyester composite. With lower magnification, Fig 4(a), the fracture 
surface display evidence of broken fibers sticking out of the polyester matrix. Apparently, these 
fibers are well adhered to the matrix, which justifies the significant improvement on the 
composites strength and stiffness with increasing amount of fibers up to 30%, as shown in Fig. 3. 

Is notable the crack propagation is blocked by the fique fibers, opening a space between the fiber 
and the matrix, changing the crack propagation direction to transversal ones. Even after of 
polyester matrix fracture the fibers continue resisting to tensile effort, because this behavior the 
composite find higher resistance values in correlation with pure matrix and could explain the no 
homogeneous fracture on composites with higher fique fibers incorporation as seen in Fig 2. 

Conclusions 

• The incorporation of continuous and aligned fique fibers increases the tensile strength and 
stiffness of polyester matrix composites. 

• The macro and microstructures indicates that the fique fiber acts as effective barrier to the 
propagation of the brittle break in the polyester matrix, being of great importance for the 
improvement of the mechanical properties of the composite. 
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Abstract 

Synthetic fibers are being replaced gradually by natural materials such as 
lignocellulosic fibers. Compared to synthetic fibers, natural fibers have shown 
advantages in technical aspects such as environmental and economic. So there is a 
growing international interest in the use of those fibers. The banana fiber presents 
significant properties to be studied, but until now few thermal properties on banana 
fiber as reinforcement of polyester matrix were performed. The present work had as 
its objective to investigate, by photoacoustic spectroscopy and photothermal 
techniques the thermal properties of diffusivity, specific heat capacity and 
conductivity for polyester composites reinforced with banana fibers. In the polyester 
matrix will be added up to 30% in volume of continuous and aligned banana fibers. 
These values show that the incorporation of banana fibers in the polyester matrix 
changes its thermal properties. 

Keywords: Polyester composites, natural fiber, thermal diffusivity. 

Introduction 

Due to growing concern about the ambient impacts from industrial activities, our 
society is ever more searching for environmentally friendly materials. In this regard, 
cellulose-based natural fibers, known as lignocellulosic fibers, become a promising 
solution. Nowadays, they are being considered as a substitute for synthetic fibers, such 
as glass fiber, used by the industry on a large scale [1-5]. 

The use of natural fibers to replace traditional materials, especially in aircraft and cars, 
is motivated by several advantages for the natural material, such as, good toughness and 
less abrasion on equipment used in processing composite [3, 5, 6], it should be noticed 
too the low cost and light weight. In addition, unlike the glass fibers [7] lignocellulosic 
fibers are relatively easy to use and the processing procedures produce less wear on 
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equipment. The environmental issue is another point in favor of natural fibers, which 
are renewable, recyclable, biodegradable and neutral with regard to C 0 2 emissions [8-
9]. 

According to Zah et al [10], the application of natural fiber composites is rapidly 
increasing in the automobile industry with annual growth at rates above 20%. Both 
interior and exterior components are already in market and studies point the main reason 
for that as the technical advantages such as the higher impact resistance. Lignocellulosic 
fibers such as coir, flax, jute, ramie, curaua and sisal are currently being used in 
automobile composite parts that require both strength and toughness [11], The banana 
fiber, although strong and flexible [1] has not yet been applied in composites for 
automobile components. Actually, the fibers obtained from the pseudo-stem of the 
banana tree commonly is mainly used to fabricate ropes and baskets owing to its high 
strength .The mechanical properties of banana fiber composites are well known [12-13] 
however, some thermal properties have not yet been evaluated, so this work aims to 
evaluate the thermal diffusivity, specific thermal capacity and thermal conductivity of 
polyester composites reinforced with banana fibers for different fiber volume fractions 
by photoacoustic and photothermal technique. 

Experimental Procedure 

Fibers extracted from the stem of the banana plant of the scientific family Musa 
balbisiana) were supplied as a bundle by a group of artisans based in the North 
Fluminense State University (UENF).Fibers were cut from the pseudo-stem, cleaned 
with water and later dried for one hour at 60° C. No treatment was applied to the fibers. 

Composite specimens were individually prepared with continuous and aligned banana 
fibers placed in a generic shape. The fibers in amounts of up to 30% of volume were 
aligned along the specimens tensile axis. Still fluid polyester resin was poured onto the 
banana fibers, and cured for 24 hours, after this, the samples were grounded to reach a 
specific thickness below 1,5mm for photoacoustic analysis, as seen in Fig 1(a). Each 
sample was tested in a photoacoustic open cell as shown in Figure 1(b) and then the 
photothermal method under continuous laser illumination was also used. Both 
techniques should determine the thermal diffusivity as, and specific thermal capacity 
pcp. From these parameters, the thermal conductivity of banana fiber polyester 
composites (k) was evaluated by equation: 

k = a s pc p [1] 

The thermal diffusivity was measured by photoacoustic technique which considers heat 
loss in a sample due to a thermal relaxation process after light absorption. The open 
photoacoustic cell (OPC) obtains its results by placing the sample in front of the 
electrets microphone to measure its sound pulse, Figure 1(b). The air chamber in front 
of microphone works as a conventional gas chamber, usually applied in others 
photoacoustic techniques [14], The results interpretation is based on the fact that in 
OPC method the Diffusion mechanism is dominant. The value of as was then obtained 
by fitting of experimental amplitude data by the equations: 
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s p = YPo'oiVs)1'2 cj(wt- f l sa s) 
nlgksT0 w 

Where the ag is the thermal diffusivity of the gas contained in the photoacoustic 
chamber, as is the thermal diffusivity of the sample, Io is the intensity of absorbed 
radiation, To is the temperature , the ks is the thermal conductivity of the sample, the css 

is the complex thermal diffusion coefficient calculated by the exponent of the 
exponential. 

4) = 4»0 - b j f [3] 

Where ij) is the signal phase after the analysis and tj>0 is the initial phase before the test, 
£s is the sample thickness and f the photoacoustic signal frequency. It is assumed that 
the sample is optically opaque, and the heat flow in surrounding air is negligible. In this 
work the amplitude fit was used because this model produced a smaller error in 
comparison to a phase fit. 

b = lsJnfas [4] 

Where ls is the sample thickness and f the photoacoustic signal frequency. It is 
assumed that the sample is optically opaque, and the heat flow in surrounding air is 
negligible. In this work the amplitude fit was used because this model produced a 
smaller error in comparison to a phase fit. 

The specific thermal capacity, pcp, and the transfer coefficient of radiated heat can be 
evaluated through the following equations: 

= [5] 
.̂s P Cp 

Where Io is the laser incident intensity in the sample andr , the temperature rise time, 
given by: 

h l ^ s . [6] 
(2H) 

Where the transfer coefficient of radiated heat, H, is given by: 

H = 4ct T0 [7] 

The analysis of thermal diffusivity (as) was done by the technique of open 
photoacoustic cell (OPC) [15-16], The specimen was directly placed on an electret 
microphone. Then a modulated laser, with llOmW of power and 660nm of wavelength 
was focused on the sample. This creates a photoacoustical signal that was picked up by 
the microphone. The microphone air chamber below the sample works as a 
conventional gas chamber, usually applied in others photoacoustic techniques [15]. 
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Figure 1. (a) Polyester photoacoustic samples and (b) schematic cross section of the 
Open photoacoustic cell setup. 

Results and Discussion 

The results analysis is based on the fact that in the OPC method the photoacoustical 
diffusion mechanism is dominant because the angular coefficient in the phase and 
amplitude adjustment are similar as shown in Fig. 2 following ROSENCWAIG & 
GERSHO (1976) [17], 

In figure , the black dots present the experimental data while the continuous line 
corresponds to best mathematical fit curve to the trajectory of these experimental points 
when plotted depending on the natural logarithmic of amplitude and frequency product. 
Considering that the thickness sample is about 0.69mm, thermal diffusivity was 
obtained based on Eq. (2) and constructed the table below. 

Figure 2. Linear fit for amplitude and phase in function to root square frequency. 
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Table 1 - Thermal diffusivity to pure polyester and its composites. 
Fiber volume (%) Thickness (mm) gs (10 m2/s) 

0% banana 
10% banana 

0.70 
0.69 

1.54 ±0,03 
0.83 ±0.05 

20% banana 0.67 0.74 ± 0.02 

30% banana 0.71 0.46 ± 0.02 

The thermal conductivity was investigated by the technique of thermal capacity per unit 
volume. An Electro-Opties laser witch 25mW of power and 638nm of wavelength was 
focused on the sample. The radiation was absorbed by the sample until it becomes 
saturated. Thereafter, the radiation emission was stopped and the temperature vs. time 
was plotted as illustrated in Fig. 3. In this figure, solid points correspond to the 
experimentally obtained data and the continuous line represents the best mathematical 
curve, which fits the trajectory of the experimental dots. This continuous line was 
calculated considering the Eq. (5) to (7) [18-19], 

That relates the Stefan-Boltzmann constant, CT, and the ambient temperature T0. Using 
the i value, Eq.7 as an adjustable parameter on the curve of Fig.3, the specific thermal 
capacity could be obtained. 

Thus, considering Eq. (5), (6) and (7), the value of the specific thermal capacity of 
polyester composites with banana fiber was calculated. To complete this thermal 
characterization was obtained the thermal conductivity for banana fiber polyester 
composites and using the values of thermal diffusivity the specific thermal capacity was 
calculated by Eq. (5), (6) and (7) together in Eq. (1) as can be seen in Table 2. 

Figure 3. Temperature evolution with time on the back of the sample surface after 

switching off the illumination. 
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Table 2 - specific heat capacity and thermal conductivity to pure polyester and its 
composites 

Fiber volume (%) Thickness (mm) pc(105 J/K.m3) K (W/m.K) 
0% banana 0.71 6.4±0.3 0.093±0.019 
10% banana 0.68 7.1±0.1 0.064±0.004 

20% banana 0.66 7.3±0.2 0.057±0.002 

30% banana 0.72 8.7±0.2 0.039±0.002 

The mean values of the thermal properties, listed in Table 1 and Table 2 for polyester 
composites, are plotted in Figure 4 as a function of volume fraction of banana fibers: 

Figure 4 - Variation of thermal diffusivity (a), specific heat capacity (b) and thermal 
conductivity (c) 

It is evident that the incorporation of banana fiber causes a slight decrease in the thermal 
diffusivity and thermal conductivity when the composite is compared to pure polyester 
this can be attributed to the high dispersion of the natural fibers, and the fabrication 
process can include in the material pores, gaps and bad fiber distribution, what can 
contribute to decline these properties. But it should be noticed that the incorporation of 
fibers increase the specific heat capacity of the material. 

Conclusions 

• The thermal diffusivity and the specific heat variation were obtained with 
reasonable accuracy from mathematical fit of experimental data. These values show 
that the incorporation of banana fibers in the polyester matrix changes its thermal 
properties. 

• Finally, comparing the values of thermal conductivity (K) of pure polyester to the 
values of the composites, it may be concluded that the banana fibers act to reduce 
slightly the thermal conductivity of the material. It was also concluded that the 
composites of polyester and banana fibers are good insulating materials due to their 
low thermal conductivity values. 
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Abstract 

BN (Boron Nitride) based composites were prepared with hot-pressing by using h-BN as main 
material in ceramic preparation process. The relative density, bending strength, vickers' hardness, 
thermal shock resistance, thermal expansion coefficient, thermal conductivity, phase composition 
and microstructure were tested and analyzed by using modern testing technology. The results 
indicate that the best formula is B, the relative density is 97%, the bending strength is 260 MPa, 
the hardness is HV5 343kg/mm2, the thermal expansion coefficient is 2.8X10"6oC1, the thermal 
conductivity is 22 W/(m.K) and have no crack after thermal shock for 20 times by water cool. 
XRD analysis indicates that the main phase compositions are h-BN, P-Si3N4 and sialon. SEM 
studies show that the grains wrapped up by solid solution. 

Introduction 

Twin roller continuous casting, a sort of near-net-shape technology, presents numerous 
advantages on economical production of thin strips, such as low energy consumption, low 
equipment and operating costs, and rapid solidification [1-4].The twin roll strip steel casting 
process, developed by the Usinor company under a project called Myosotis. In the process of 
twin roller continuous casting, the side dams in contact with the rollers act as un-replaceable 
roles on keeping molten metal from leakage in whole casting process [5-7], For more than 
twenty years, continuous casting process has been actively developed and improved by several 
major steel companies. During casting process, molten metal is frequently dumped into pool 
region surrounded by rollers and dams, along with rolls rotate to drag metal strips. So side dams 
have to suffer extremely tough working conditions such as iterative thermal impact (especially 
more than 1000 °C for steel and iron), heavy abrasion against rolls and strips at high temperature, 
as well as erosion from different molten metals [8-11]. Therefore, for side dams it is necessary to 
have good combinations of properties including excellent mechanical properties and thermal 
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properties. So far, research on materials for side dams is seldom reported [5, 6], And in the 
earlier working, other researchers have experimented tens of stuffs such as high temperature 
ceramics and refractory materials for side dams, unfortunately no solo commercial material was 
successfully found out. Therefore, it is imperative to develop an appropriate ceramic material to 
match the using condition in strip casting operations. Generally, each of the monolithic phase 
ceramic exhibits only a single physical and chemical property, which highly hinders its 
applications. Accordingly, to develop the multiphase ceramics has been attracting more and more 
attention because it can combine with the exceptional properties of each ceramic. In this work, a 
sort of new composite of BN based ceramics were successfully fabricated by hot pressing 
method. The properties, such as the mechanical properties and thermal properties as well as 
phase and microstructure were tested and discussed detailedly. 

Experimental Methods 

Materials preparation 

Commercial available raw materials were used in this study. The h-BN (l|xm, Zhongpu Co., Ltd., 
He Bei, China), a-Si3N4 (0.7 |xm, Hefei Moke Co., Ltd., An Hui, China), A1N (0.5 |xm, Hefei 
Moke Co., Ltd., An Hui, China), A1203 (2 ¡xm, Luoda Co., Ltd., Shan Dong, China), |3-SiC (4 ¡xm, 
Zhongxintece Co., Ltd., Bao Tou, China), Zr0 2 (0.4 ¡xm, Weina., Ltd., He Nan, China) partially 
stabilized by 3 % Y203 , and Y203(3 ¡xm, Shangyuan new material Co., Ltd., Jiang Xi, China) 
were used to prepare the BN based composites.BN-SiC-Zr02, BN-Si3N4 and BN-A1N system 
materials were designed and prepared by using Y 2 0 3 and A1203 as additive material. 
Corresponding composites were marked as A (BN-SiC-Zr02), B (BN-Si3N4) and C (BN-A1N), 
respectively. These powder mixtures were ball-milled for 12 h in an aluminum bottle using 
aluminum balls as milling media and alcohol as carrier fluid. The mixed slurry was then dried in 
a rotary evaporator and sieved through an 80-mesh screen. The composites were fabricated by 
hot-pressing at 1780 °C for 90 min under a uniaxial load of 25 MPa in N2 protection. 

Characterization 

Relative density of A, B and C composites were measured by the Archimedes method, while 
their theoretical densities were calculated using the mixture rule. Bending strength was tested in 
a three-point configuration (3 mmx4 mmx36 mm), with a span of 30 mm and a crosshead speed 
of 0.5 mm/min. Hardness was determined by a Vickers indentation tester(Model FV-700, Wuhan, 
China)using a diamond indenter with a load of 5 kg for 20 s. Thermal expansion coefficient was 
tested by the thermal expansion coefficient instrument (Model RPZ-03, Wuhan, China), the 
thermal conductivity was measured by the thermal conductivity tester (Model DRM- II , 
Shenzhen, China). The phase constituents of sintered specimens were identified by X-ray 
diffraction (XRD) (Model D/MAX-III, RIGAKU., Japan) using Cu Ka radiation source. The 
observations of microstructures were performed by scanning electron microscope (SEM) (Model 
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JSM-5610LV, JEOL., Japan). The thermal shock resistance tests of the specimens were carried 
out by the silicon-carbide furnace (KSW, Yingshan Prime Partners Furnace Manufacturing 
Co.Ltd., China) under some thermal cycles from 1100 °C to room temperature using water 
cooling. 

Results and discussion 

Relative density and bending strength 

The results of the relative density of specimen A, B and C are 92%, 97% and 93% respectively. 
Fig. 1 is the relationship of bending strength and hardness with different specimens. As can be 
seen from fig. 1, the bending strength of specimen A, B and C are 170 MPa, 260 MPa and 300 
MPa. What's more, the hardness of specimen A, B and C are 67 kg/mm2, 343 kg/mm2 and 130 
kg/mm2 as well. The batch formula of A (BN-SiC-Zr02) has the lowest relative density, bending 
strength and hardness. The batch formula of C (BN-A1N) has the highest bending strength of 300 
MPa, whereas, the hardness is lower than batch formula B (BN-Si3N4).The additive of Y 2 0 3 and 
A1203 are beneficial to enhance density behavior of BN composite as sintering additive due to 
formation of liquid phase during the sintering process. Because of the thermal expansion 
mismatch between Zr02 and BN is bigger than it in BN and A1N, also binger in BN and Si3N4, 
which result the batch formula of A is difficult to densitification. So, the relative density, bending 
strength and hardness is the lower than B and C. In the sintering process of batch formula B and 
C, the formation of new phases filled in the pores between different grains in the sintering 
process, which can increase the force of grain boundary phases and make the increase of relative 
density and bending strength. All in all, compact from the result of relative density, bending 
strength and hardness, the specimen B can be choosed as the best batch formula. 

Fig. 1 Bending strength and hardness of BN based composite ceramics 
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Thermal properties 

In the process of twin roller continuous casting process, it need the side dam material have good 
thermal shock resistance to resistant the shock of melt metal. The thermal shock resistance 
performance of ceramic materials are mainly depends on its thermal expansion properties, low 
expansion material has excellent performance in thermal shock resistance. Table I. shows the 
thermal expansion coefficient at room temperature, thermal conductivity at room temperature 
and thermal shock resistance. The thermal expansion coefficient of the prepared BN based 
composite specimen A, B and C are S.SxlO'^C"1 , 2.8xlO"6°C"1 and 2.7xl0"6 °C_1.The thermal 
expansion coefficient of A is bigger than B and C mainly attribute to Zr02 . The thermal 
conductivity of the prepared BN based composite specimen A, B and C are 38 W/(m K), 22 
W/(mK) and 17 W/(mK). The thermal conductivity of A is bigger than B and C mainly attribute 
to the addition of high conductivity of SiC. As seen from thermal shock times, the specimen A, B 
and C all have bear the thermal shock exceed 20 times, which show a good thermal shock 
resistance. In the thermal shock process, BN, SiiNt, A1N and SiC begin to be oxidized when 
exposed to air, the oxidation reaction should produce B 2 0 3 , Si02 , and Al203.The amount of 
oxidation produced on the surface of the specimens are sufficient to form dense oxidation layer 
for healing microcrack and prevent the further oxidation of the specimen. Simultaneously, Si02 

and B2C>3 can react to form a stable borosilicate and silica glass, which can flow easily to cover 
and protect the surface of specimen. The borosilicate and silica glass phases have an influence on 
healing surface cracks. Also, in the sintering process, the formation of boundary phase in 
specimen B and C exhibit better performance than in specimen A. All in all, compact from the 
result of relative density, bending strength, hardness and thermal properties, the specimen B can 
be choosed as the best batch formula. 

Table I. The Thermal Properties of BN Based Composite Ceramics 
Specimen 

No. 
Thermal expansion coefficient 

(10"6 °C_1) 
Thermal 

conductivity(W/(mK)) 
Thermal 

shock(times) 
A 3.8 38 > 2 0 
B 2.8 22 > 2 0 
C 2.7 17 > 2 0 

Phase composition and microstructure 

Fig. 2 shows the XRD pattern of the optimized specimen B. As can be seen from the figure, the 
main phases of specimen B while sintered at 1780 °C are and h-BN, P-SiiNt, sialon (SisAlON?). 
Fig. 3 reveals the typical SEM micrographs showing the fracture features of the specimen B 
sintered at 1780 °C. As seen from fig. 2 and fig. 3, h-BN and P-SiiNt phases act as the basement; 
also, a large amount of solid solution exists in the micrographs as well. By contact the analysis of 
XRD patterns, it indicates that the solid solution is sialon. Phase composition, microstructural 
aspects and porosity level of the sintered specimen were the main factors influencing the 
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mechanical properties results. Nearly none porosity have found in fig. 3 and the sialon phase 
distribute evenly among the specimen who offer high relative density and good mechanical 
properties. To summarize the analysis of the relative density, mechanical properties, thermal 
properties, XRD patterns and microstructure, the synthesis of sialon phase among the specimen 
is useful for the improvement of the performance of relative density and bending strength while 
low thermal expansion coefficient severely helps to improve thermal shock resistance of the 
sintered specimen. So, it is acceptable that the multiphase BN based composite ceramic with a 
good thermal shock resistance, can be prepared completely by hot-pressing sintering technique, 
thus being suitable to use as the side dam materials in twin roller continuous casting. 

Fig. 2 XRD spectra obtained from the polished surface of the hot-pressed specimen B 

Fig. 3 SEM images of polished fractured surface of hot-pressed specimen B 
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Conclusions 

Results from the present work show that the prepared BN based composite ceramic is suitable 
for use as side dam material in twin roller continuous casting. The optimum specimen is B which 
consists by using h-BN as the main material. The hot-pressing temperature of specimen B is 
1780 °C with the relative density of 97%, the bending strength is 260 MPa,the hardness is HV5 
343 kg/mm2, the thermal expansion coefficient is 2.8xl0"6 °C_1, the thermal conductivity is 22 
W/(m.K) and have no crack after thermal shock for 20 times by water cool. Analysis of XRD 
indicates that the main phases after hot-pressing are and h-BN, P-Si3N4, sialon (Si5A10N7). SEM 
observation shows that the specimen of B with a large amount of sialon solution which severely 
helps to improve relative density, mechanical properties and thermal shock resistance. The 
prepared multiphase BN based composite ceramic with a good thermal shock resistance can be 
prepared completely by the hot-pressing sintering technique, which is suitable for use as side 
dam material in twin roller continuous casting. 
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Abstract 

A PFS(polymeric ferric sulfate) coagulation-photocatalytic oxidation technology was used for 
advanced treatment of coking wastewater from secondary biological treatment. Effects of some 
key factors on TOC removal rate were investigated, and the results were compared with those of 
the common photocatalytic oxidation technology under the operating parameters of the 
photocatalytic oxidation defined. Single factor experimental results showed that TOC removal 
rate could reach 81%, when optimal operating conditions were as follows: Ti02 loading: 4.0g/L, 
irradiation time: 4h, initial pH is 5.land PFS dosage:700mg/L. PFS coagulation and 
photocatalytic oxidation have synergistic effect, which is meaningful for highly efficient 
treatment of coking wastewater. 

Introduction 

Coking phenol cyanogen wastewater is considered as the most toxic one to be treated before 
being discharged into the environment. It is mostly generated from coal gas purification and 
recovery of production process, and contains various toxic compounds such as ammonia, 
thiocyanate, phenols and cyanides in high concentration range [1-3]. Traditional treatment of 
highstrength cokes wastewater is based on A2/0, O/A/O, A/02 and other biological nitrogen 
removal process, which has been widely used for the treatment of coking wastewater. However, 
these processes are not sufficient to meet the strict requirements of the National Discharge 
Standard of China (COD <100 mg/L, GB16171-2012). More strict legal limits and laws for the 
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coking wastewater released from coking industries will be implemented on January 1, 2015. 
Many researchers are attempting to use different kinds of methods for the treatment of coking 
wastewater. A number of review papers are available regarding the application of photocatalytic 
technology methods for environmentally friendly and low cost [4,5], Used as semiconductors 
(such as,TiC>2), photocatalysts can oxidize contaminants via photochemical activity to non-toxic 
carbon dioxide and water under light with a superoxide radical (O2"-) and hydroxyl radical ('OH) 
during the oxidation reaction[6]. Coagulation is an important process in both solid-liquid 
separation and soluble containments removal from aqueous solution [7], The polymeric ferric 
sulfate (PFS) has been widely used for its cheap, non-toxic and high efficient[8,9]. In this study, 
PFS coagulation-photocatalytic oxidation technology was used for advanced treatment of coking 
wastewater. The optimum parameters were evaluated in batch experiments for economic aspects. 

Materials and methods 

Raw wastewater and materials 

The raw wastewater used in the experiments was collected from the outlet of a WISCO coke 
plant with the treatment processes of steam stripping of ammonia and O1/A/O2 biological 
treatment and chemical coagulation precipitation, the main water quality indicators are shown in 
Table 1. 

Table 1 The water quality parameters(unit:mg/L,except pH) 
Item PH TOC CODcr BOD5 NH3-N TN 
Raw 7.8 123.6 186 53 23 65 

Effluent standard 6—9 - 80 20 10 20 
Note: Emission standard of pollutants for coking chemical plant(GB16171-2012) 

All the chemicals of this study, including NaOH, Ag2SC>4, HgSC>4, K2Cr2C>7, TiC>2 powder 
(anatase), HC1 (36%, 1.19g/cm3), etc, are in analytical reagents grade. They were produced by 
Chemical Reagent Co., LTD. polymeric ferric sulfate solution (PFS, brown red liquid, iron 
content 11%, the basicity: 10%, pH (1% in solution) 2.3), was gained from the wastewater 
treatment facility and used in batch experiments. 

Experimental procedure 

Photocatalytic experiments were carried out using an experimental setup (see Figure 1), which 
consists of a 20W UV lamp(wavelength ~254nm), a 150L/h air blower and a pump. Batch 
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experiments were conducted in a photocatalytic oxidation reactor (1.0 L) at room temperature. 
About 0.5L of coking wastewater is placed in the reactor, followed by addition of a known 
amount of TiC>2 photocatalyst under continuous aerating. Turn on the light irradiation at room 
temperature for a period of time, and regular sampling. All the samples were taken at selected 
intervals and filtered through a 0.45pm filter film to remove suspended solid before analyses of 
the solution. 

Fig. 1 Schematic diagram of TO2 photo catalytic oxidation 

Analytical methods 

The water samples were analyzed by following the standard methods specified in the Monitoring 
and Analytical Methods of Water and Wastewater[10], The total organic carbon (TOC) 
concentration was monitored using Multi N/C 2100 Analyzer (Analytik Jena AG Corporation, 
Germany). The pH was measured by using the glass electrodes; COD by the potassium 
dichromate method; NH3-N by using Nessler's reagent spectrophotometry. 

Results and discussion 

Effect of TiO, dosage on the TOC removal rate 

The TOC removal rate at different TiÛ2 dosages is shown in Fig. 2. As can be seen from Fig.2, 
The removal efficiency increases with the TiÛ2 dosage until an optimum level of 4g/L is reached. 
When the TiÛ2 dosage exceeds this optimal level, the efficiency reduces with further increasing 
of TiÛ2 dosages. Excessive TiÛ2 dosages above the optimum level cause a shadow effect to 
interfere with the transmission of UV light so that the formation of electron-hole pairs cannot 
effectively occurfll, 12]. Thus, the TOC removal rate decreases. At the optimum dosage of4g/L 
TiÛ2, almost 45% of TOC removal rate is reached. 
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Ti02dosage/(g/L) 

Fig. 2 Effect of TiC>2 dosage on the TOC removal rate 
(pH: 7.8; air flow:150L/h; reaction time:2h) 

Effect of reaction time on the TOC removal rate 

Fig. 3 Effect of reaction time on the TOC removal rate 
(pH: 7.8; air flow: 150L/h; Ti02 dosage: 4g/L) 

The TOC removal rate at different reaction time is shown in Fig. 3. The TOC removal rate 
increases with reaction time increasing, when the light reaction time is above 4h, TOC removal 
rate increases slowly, 59% of TOC removal rate is reached within 5h. According to the principle 
of Ti02 photocatalytic oxidation, photocatalysis involves illumination with UV radiation of 
certain semiconductor catalysts, where electron-hole pairs are generated and eventually lead to 
surface redox reactions. Organic molecules, as pollutants, are degraded to smaller and less 
harmful species, eventually producing carbon dioxide and water. This can be explained that 
reaction time is an important factor affecting the adsorption and photocatalysis. The results 
indicate that the reaction rate plays a more important role than adsorption rate in the process. In 
other words, the photon-generated holes, electrons, hydroxyl radicals ('OH) can degrade organic 
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pollutant at short time. With illumination reaction time increasing, OH], TOC concentration 
decreases, and hence degrade velocity is limited by the diffusion of hydroxyl radicals ('OH). 

Effect of pH on the TOC removal rate 
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Fig. 4 Effect of pH on the TOC removal rate 

(air flow:150L/h; reaction time:2h; Ti02 dosage :4g/L) 

Since Ti02 surface is amphoteric, the surface interactions with substrates, particularly charged 
compounds, are sensitive to the solution pH[4], Fig. 4 represents the TOC removal rate as a 
function of initial pH. As can be seen from Fig. 4, the TOC removal rate decreased with 
increasing pH value. The pH-effect is related to the point of zero charge of Ti02 at pH 6.2[13], In 
acidic media (pH<6.2), the surface of Ti02 is positively charged, whereas it is negatively charged 
under alkaline conditions (pH>6.2)according to Eqs.(l) and (2) [14]. Because of a large amount 
of phenols and with hydroxyl organic compounds in coking wastewater is negative charge. The 
electrostatic attraction between the positive and negative charge at lower pH region (pH<6.2) 
fascinates the formation of hydroxyl radicals ('OH) on the surface of surface of the Ti02. 
Considering the cost, he optimum initial pH is 5.1. 

TiOH +H+ TiOH+ (1) 

TiOH + OH" TiO"+ H 20 (2) 

Effect of PFS dosage on the TOC removal rate 

The TOC removal rate at different PFS dosage is shown in Fig. 5. TOC removal rate increases 
with the increase of PFS dosage. The TOC removal rate can reaches 81%, 81.3% when the PFS 
dosage of is 700mg/L, 800mg/L, respectively. PFS floe is generated by the ferric sulfate 
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hydrolysis in water by polymerization, Intermediate gel precipitation in the process of 
transformation, which can absorb the colloid particles and suspended solids and coagulate each 
other [15]. Therefore, the addition of PFS, electric neutralization effect occurs in the coking 
wastewater colloid, which promotes coking wastewater colloid aggregation, destabilization of 
the precipitation process. At the same time, part of the small particles captured will form larger 
particles and then precipitate at last. In the experiment, considering the cost of processing and 
treatment effect, 700mg/L PFS dosage is favorable. 

PFS dosage/(mg/L) 

Fig. 5 Effect of PFS dosage on the TOC removal rate 

(pH: 5.l;air flow:150L/h; Ti02 dosage :4g/L) 

Comparison of photocatalvtie oxidation coupling with PFS coagulation and photoeatalvtie 
oxidation 

Fig.6 represents the comparison of photocatalytic oxidation coupling with PFS coagulation and 
photocatalytic oxidation at the different reaction time. As can be seen from Fig.6, photocatalytic 
oxidation coupling with PFS coagulation showed superior degradation performances than the 
single photocatalytic oxidation did after treatment at 30min, and their TOC removal rate were 
41.8% and 19.3%, 41.2%, respectively, which might be attributed to the synergistic effect of 
photocatalytic oxidation and PFS coagulation. Therefore, these results indicated that 
photocatalytic oxidation coupling with PFS coagulation degradation of coking wastewater 
described in this study was more suitable in the practical engineering application, which is of 
great significance to improve the treatment efficiency. 
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Fig. 6 Comparison of photocatalytic oxidation coupling with PFS coagulation and 
photocatalytic oxidation 

(pH: 5.1;air flow:150L/h; Ti02 dosage :4g/L;PFS dosage:700mg/L) 

Conclusions 

The experiments indicated that the photocatalytic oxidation coupling with PFS coagulation 
degradation of coking wastewater was very promising. The single factor test showed that the 
optimum values of reaction time, pH, catalyst dosage, and coagulation dosage were 4h, 5.1, 
4g/Land 700mg/L, respectively, the TOC removal rate can reach 81%. Photocatalytic oxidation 
coupling with PFS coagulation can significantly improve the treatment efficiency of coking 
wastewater. The TOC removal rate is 2.2 times of the latter does under the comparable 
conditions. PFS coagulation-photocatalytic oxidation of coking wastewater has some advantages, 
such as easy operation, higher removal efficiency on TOC, COD, but total nitrogen (TN) 
removal is not obvious. Therefore, the advanced oxidation treatment coupling with biological 
treatment is necessary to meet all the indexes of the National Discharge Standard of China (COD 
<100 mg/L, GB16171-2012). 
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Abstract 

The preoxidation of the ore has a profound significance to the concentration, separation and 
purification of nickel and copper from the lean complex ore. In this paper, the natural Ni-Cu 
sulfide mineral samples under the elevated temperature condition in air were investigated, as 
well as under isothermal condition at 600 °C in air. The mineralogical characterization was 
studied using XRF, ICP and the Rietveld method. The oxidation behavior and the element 
migration of the Ni-Cu sulfide ore were studied by XRD, SEM-EDS and TG. The XRD Rietveld 
method was successfully developed in the phase identification and quantification of this complex 
ore powder sample. The oxidative intermediates (Cu/Ni-ferrite) were detected by XRD, and the 
process of the element migration was obviously revealed by the line scans using SEM-EDS. It is 
the preoxidation of this mineral that provides guidance for the extraction of valuable metals from 
low-grade Ni-Cu sulfide ores in the future. 

Introduction 

The Ni-Cu sulfide deposit is one of the most important sources of nickel and copper in the world. 
And the Ni-Cu sulfide ore is mainly composed of pentlandite, chalcopyrite and pyrrhotite. 
Mineral processing of Ni-Cu sulfide ore strongly depends on the mineralogical composition, an 
important factor for efficient hydrometallurgical nickel and copper extraction. Recent efforts to 
develop the characterization of the Ni-Cu sulfide ores have been heavily addressed by several 
groups [1l Oxidation reaction is the first step in smelting processes of the sulfide mineral. And an 
oxidation study on this sulfide ore is of crucial importance in the metallurgical process. 

Dunn et al. investigated the oxidation of synthetic pentlandite samples using a thermogravimetric 
analyzer'21. They presented a series of reactions based on the characterization of the products at 
different temperature using the X-ray diffraction (XRD). Researches have been further 
developed for the oxidation mechanism and the oxidation kinetics of pentlandite Prasad et al. 
summarized the previous studies about oxidative roasting of chalcopyrite and related constituents 
such as copper sulfide and iron sulfide [4l The investigations of the mineralogy and flotation 
performance between pentlandite and pyrrhotite have revealed their interactions during the 
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metallurgical process [5"8l But the phase transformation and element migration among 
pentlandite, chalcopyrite and pyrrhotite in the Ni-Cu sulfide mineral during the oxidation process 
are rarely investigated. The XRD is now routinely used in many laboratories to provide 
mineralogical information during processing of ores, as well as the scanning electron microscope 
interfaced with an energy dispersive X-ray spectrum (SEM-EDS) analyser [9' 10l Additionally, 
the Rietveld method was used in the quantification of mineral phases I11"16!. 

The purpose of this paper is to investigate mineralogical characterization and the interactions 
among the three phases (pentlandite, chalcopyrite and pyrrhotite) of the Ni-Cu sulfide ore during 
the peroxidation process. These directly influence on the extraction of nickel and copper from 
the complex ores, and provide a theoretical basis for the separation and extraction of lean 
complex ore. 

Materials and Methods 

A. Sample Preparation 

The Ni-Cu sulfide ores, originated from Xinjiang (China), were washed with deionized water, 
and then air-dried in the oven at 100 °C for 8 h. Several lump ores with metallic sheen were 
prepared (sorted manually and mounted in epoxy resin, thereafter polished and sputter-coated 
with gold) for the SEM test. The rest of the dried blocks were ground to powder samples 
(crushed in a wear resistant cast iron mortar, and then grinded to 300 mesh in an agate mortar). 

The finely mineral powder samples were oxidized under non-isothermal condition (350,400,450, 
500, 550 and 600 °C respectively), which was tested in a tube furnace (STF54453C 
Lindberg/Blue M, Asheville NC USA). The measurement was carried out with a heating rate of 
10 °C min"1 in air flow (40 ml min"1). The finely powder was also pressed into disks in a stainless 
steel module (8 mm i.d.) with the indication on the pressure gauge of 4.2 MPa using a hydraulic 
press. Then the samples were oxidized under 600 °C in air (40 ml min"1) for 5, 10,20, 30, 60 and 
600 min, respectively. Subsequently, the six oxidized powder samples were prepared for the 
SEM characterization. 

B. Characterization Methods 

X-ray fluorescence (XRF) 

Three samples (SI, S2, S3) were randomly selected from the finely mineral powder and analyzed 
in X-ray fluorescence spectrometer (XRF-1800, SEHMADZU LIMITED). The spectra were 
obtained with an Rh source (40kV, 95mA) using sequential scanning (8°/min) and semi-
quantitative mode 

Inductively coupled plasma atomic emission spectrometry (ICP-AES) 

The inductively coupled plasma has been used to exact quantitative analysis elements in iron 
ores [17]. The ICP-AES was measured on a PERKINE 7300DV. This investigation was carried 

496 



out for the precise determination of several important elements (such as Fe, Ni, Cu, etc.) in three 
samples (SI, S2, S3). 

Scanning electron microscopy with an energy-dispersive spectrometer (SEM-EDS) 

The mineralogical characterization was performed by field emission scanning electron 
microscopy (FESEM; SU70, Hitachi, Japan). The elements distribution of the selected lumpish 
ore sample, as well as the sample which was oxidized for 1 h at 600 °C in air, was revealed by 
the EDS mapping features in SU70 within the TEAM™EDS Analysis System, All the oxidized 
samples were measured using line scan capabilities, in order to determine the relative quantity of 
elemental sulfur and oxygen during the oxidation process. 

X-ray powder diffraction (XRD) 

The mineral phases of the ore sample was examined by the XRD with Cu radiation (40 kV, 40 
mA) using a Bruker-AXS D8 ADVANCE diffractometer. The diffraction pattern of the selected 
lumpish ore sample was examined from 10 to 75° (20) with 0.02° per step and 2° per minute. 
And all the oxidized powder samples were also detected from 10 to 80° (20) in 0.02° steps with a 
scanning speed of 4° per minute. While the powder sample SI was recorded from 10 to 80°(20), 
in 0.02° steps, by counting for 6 second per step. 

Quantitative phase analysis using Rietveld method (OPA-RM) 

Quantitative phase analysis of powder sample SI was performed with the TOPAS 4.2 program 
(Bruker AXS). This software was based on the Rietveld full-pattern refining principle that first 
presented by Hill and Howard in 1987 [12l The refinement strategy was based on the 
predecessors' achievements [18l The evaluation of the refinement was indicated by the R values 
which are the criteria forjudging the fit of the calculated pattern to the observed data. Crystal 
structure files of all phases were downloaded from the American Mineralogist Crystal Structure 
Database (http://www.minsocam.org/MSA/Crvstal_Database.html) [19l 

Thermogravimetric analysis (TGA) 

The TGA was adopted to evaluate the thermal stability of the powder samples (SI, S2, S3) using 
a Thermogravimetric analyzer (NETZSCH STA 449 F3 Jupiter) under air atmosphere with a 
flow rate of 40 ml min"1. About 100 mg of each sample was spread as thin layers in silica dishes, 
and heated to 1000 °C (10 °C min"1), then incubated at 1000 °C for 1 h. 

Results and Discussion 

A. Characterization of raw ores 

As demonstrated in Table 1, the comparison of the data shows a good agreement between the 
results using XRF analysis and that using ICP analysis, although there is some deviation in some 
certain elements (Na, Mg, Al, Si, Ca,) which are the major content of gangue minerals. The 
major metal element of the ore samples are iron, nickel and copper. As a result, this is a complex 
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ore with rich iron and lean Ni-Cu sulfide. The homogeneity of the powder mineral samples is 
confirmed at the same time. 

Tablel. Elemental analysis of three mineral samples (SI, S2, S3) using XRF and ICP 
SI (wt%) S2 (wt%) S3 (wt%) 

XRF ICP XRF ICP XRF ICP 
Fe 40.1241 43.31 38.4806 46.75 39.9853 42.34 
S 26.6444 — 25.4869 — 26.4048 — 
o 15.3163 — 15.9572 — 15.0945 — 

Si 5.9607 3.15 6.5687 2.72 6.0919 2.82 
Cu 3.5795 3.13 3.9035 3.08 3.4743 2.95 
Ni 2.3516 2.33 2.5832 2.14 2.7001 2.22 
Mg 2.2887 0.81 2.477 0.54 2.1582 0.64 
Al 1.9387 0.93 1.8685 0.81 1.6953 0.81 
Ca 0.9415 0.57 1.1763 0.43 1.0136 0.47 
Na 0.5699 0.27 0.6548 0.28 0.5701 0.26 
Co 0.1564 0.14 0.1685 0.091 0.1819 0.1 

It is clearly revealed the elements distribution of the selected lumpish ore sample from the SEM-
EDS image, as shown in Fig. 1. All the copper-sulfide and nickel-sulfide phases are evenly 
distributed and rimmed by the rich iron phase, and there is a little iron oxide scattered over 
surface of this ore sample. Further analysis of the XRD pattern presents that the selected lumpish 
ore sample is composed of Fe7S8, CuFeS2, (Ni,Fe)9Ss and Fe304 . 

Fig. 1 X-ray map showing the element distribution of the selected lumpish mineral surface 
together with the XRD pattern overlayed the SEM micrograph 

The mineralogy of the powder sample (SI) quantitatively determined in this paper by XRD data 
is shown in Fig. 2(a). In the picture: y0bs represents the observed pattern, y c a ic states for the 
calculated profile, the y0bs-ycaic stands for the difference between observed and calculated curve, 
and all the Bragg peak position for each phase are presented in vertical lines. The quality of 
refinement, which is indicated by Rp, Rwp, Rexp, Gof, is revealed in the top right corner of the 
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figure. The result of the QPA-RM reveals that complex ore sample is composed of 50.27% 
Pyrrhotite 4C-Fe7S8, 10.56% Chalcopyrite-CuFeS2, 7.20% Pentlandite-(Fe,Ni)9S8, 2.33% 
Magnetite-Fe304, 0.66% Pyrite-FeS2 and 28.61% gangue mineral: 7.82% Anorthite-CaAl2Si2Os, 
6.11% Albite-NaAlSi3Os, 5.69% Clinochlore-(Mg,Fe2+)Al(Si3Al)Oi0(OH)8, 2.56% Quartz-Si02, 
4.74% Actinolite-Ca2(Mg4.5-2.5Fe2+0.5-2.5)Si8O22(OH)2, 1.69% Annite Mica-KFe2+

3AlSi3Oi0OH2. 
More specifically: goodness-of-fit (Gof= Rwp/ Rexp)=3.01, R-expected (Rexp)=2.33%, R-weighted 
pattern (Rwp)=7.01%, R-pattern (Rp)=5.36%. The acquired quantification showed that the 
Pyrrhotite 4C (Fe7S8) appears in largest amounts as compared to the Chalcopyrite (CuFeS2) and 
Pentlandite ((Ni,Fe)9S8) in this sulfide deposit. 

Fig. 2 - (a) The QPA-RM result of sample SI. (b) The TG analysis of three samples (SI, S2 and 
S3): heating rate was 10°C per min in air. The DTG (first derivative of TG curve) profile of 
sample S3 at the temperature range 300-600 °C is inset in this figure 

B. Phase Transformation 

As shown in Fig. 2(b), the initial slight linear weight decrease is attributed to the loss of adsorbed 
water. The weight gain between 400-490 °C is due to the formation of metal sulfates [2'20]. And 
FeS04 and CuS04 were detected in the sample oxidized at 400 °C by XRD in Fig. 3(a). The 
DTG (first derivative of TG) of sample SI with a temperature range 300-600 °C is also inset in 
Fig. 2(b). The rapid weight loss occurred by two steps (shown in DTG) at 490 °C and 550 °C, 
was assumed to be attributed to the release of S0 2

 [5l 

From Fig. 3(a), the main phases of this sample are Fe7S8, FeS2, (Fe,Ni)9S8 and CuFeS2 at the 
temperature of 350 °C. However, FeS04 and CuS04 were found at 400 °C, which verified the 
formation of sulfate with the weight gain in Fig 2(b). Nevertheless, the nickel phase wasn't 
detected in this sample, the reason may be that the (Fe,Ni)9S8 decomposed into many kinds of 
phases and it is difficult to demonstrate from the XRD pattern. The samples are mainly 
composed of Fe203 and ferrite (M Fe204 , M =Fe, Ni, Cu) with the temperature range 450-600 °C. 

The results mentioned above suggest that the oxidation process of the sulfide minerals is 
surprisingly complex. As illustrated in Fig 3(b), the mechanism of the phase transformation at 
600 °C is very apparent. The (Fe,Ni)9S8 was firstly oxidized into NiFe204 after 5 min. The peaks 
of NiFe204 are weak on account of the small amount of nickel. With the extension of the 
oxidation time, the CuFeS2 was transformed into CuFe204 gradually. Then the CuFeS2 

disappeared while the sample has been isothermal for 30 min. The large amount of Fe7S8 was 
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oxidized during the time range 10-60 min and the peaks of Fe203 increased rapidly from 10 to 20 
min. However, the sample was basically unchanged as the isothermal time increased to 600 min. 
It indicates that the best oxidation time for (Fe,Ni)9S8 is 5 min, that for Fe7S8 and CuFeS2 are 20 
and 30 min respectively under this condition. 

Fig. 3 - (a) XRD patterns of the ore powder samples oxidized under the non-isothermal 
condition: at 350, 400, 450, 500, 550 and 600 °C respectively in air; and (b) XRD patterns of the 
ore powder samples oxidized under the isothermal condition in air for different time: 0 min-(raw 
ore powder sample), 5, 10, 20, 30 n, 60 and 600 min respectively 

Fig. 4 - (a) SEM-EDS line scans of elements (O and S) on cross-section of samples oxidized for 
5 (I), 10 (II), 20 (III), 30 (IV), 60 (V) and 600 min (VI) at 600 °C in air. (b) X-ray map of the 
elements (Cu, Ni, S, Fe, O, Si, Ca) over the cross-section of the sample oxidized for 60 min 

C. Migration of Certain Elements 

As presented in Fig. 4(a), the oxidation process of the sulfide ore samples is obviously observed. 
The line scans of the elements (O and S) from the edge to inside reveal that the amount of O 
decreased from the surface to the center, but the results of S were quite the contrary. The oxide 
layers become deepen as the thermostatic oxidized time increased. The elements distribution of 
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the sample oxidized at 600 °C for 1 h is presented in Fig 4(b). The O diffused into the center and 
reached with the sulfide to form sulfate and metal oxides. While the S in ore transformed into 
S0 2 and then diffused into air. The metal sulfides have transformed into metal oxides during the 
thermostatic oxidized process, while the gangue minerals have remained largely unchanged. 

Conclusions 

In this work, a variety of measurements were utilized to evaluate the mineralogical 
characterization of this Ni-Cu sulfide ore. The QPA-RM, a new method, is developed for the 
quantification of the mineralogical composition in this sulfide ore deposits using the TOAPS 
software. The natural lean complex ore is mainly composed of sulfide mineral (Pyrrhotite 4C 
(Fe7S8), Chalcopyrite (CuFeS2) and Pentlandite ((Fe,Ni)9S8)), and other gangue minerals. Both 
the oxidation thermodynamics process and oxidation process under isothermal condition at 600 
°C of this sulfide mineral were studied. The metal sulfates (FeS04, NiS0 4 and CuS04) were 
formed at 400 °C, then decomposed at 450 °C or higher temperature. The Cu/Ni-ferrites 
(M Fe204 , M =Fe, Ni, Cu) generated at 450 °C and remained a fine stability even under 600 °C 
isothermal condition for 600 minutes in air. The main oxidized products are Fe203 and M Fe204 

(M =Fe, Ni, Cu). In additionally, the elemental migration between O and S was obviously 
revealed: The oxygen diffused into the center and reached with the sulfide to form sulfate and 
metal oxides. While the sulfur in ore transformed into S02 and then diffused out. These provided 
key information for the treatment and comprehensive utilization of this Ni-Cu sulfide deposit. 
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Abstract 

Sintering behavior and performance of high alumina refractory based on the ternary subsystem 
MgAl204-CaAl4C>7-CaAli20i9 were investigated using Zr0 2 as an additive up to 8 wt.% by solid 
state reaction sintering. It was found that the added Zr02 could dissolve in the CAe grains in the 
form of a solid solution, which enhanced the isotropic growth of CAe grains and then improved 
the sintering. As a result, the densification process was improved and areas with enrichment of 
Zr0 2 showed a more compact structure. With further increase o f Z r 0 2 addition, tetragonal Zr0 2 

were found to locate in the grain boundaries for exceeding the solid solubility limit, which 
enhanced the thermal shock resistance, indicating that addition of Zr0 2 exhibited a positive 
effect on sintering behavior and performance of this refractory. In addition, it is considered that 
the optimal amount of Zr0 2 addition was about 4% considering the performance together with 
the cost. 

Introduction 

The high alumina refractory based on the ternary subsystem MgAl204-CaAl407-CaAli20i9 
(MA-CA2-CA6) is widely used as steel ladle linings [1,2], The presence of magnesium spinel in 
the composition of this alumina-rich refractory has greatly improved slag corrosion resistance 
and reduced wear rates, providing a longer lifespan for steel ladles than other traditional 
refractory products [3]. However, it is reported in some literatures that the densification process 
of this refractory was not completed even at 1600°C, with apparent porosity higher than 20% [4, 
5], which would result in poor resistance to penetration of the slag that had a good fluidity 
because of higher temperature smelting condition in steel ladles. The hexagonal morphology of 
CAe grains and their anisotropic growth into platelet shape were believed to result in an increase 
of porosity [6], but relevant literatures lack detailed studies on this subject, which is mainly 
focused on the phases and micro structure evolution [7, 8], thermodynamic behavior [9] and 
performance such as slag attack resistance and thermal shock resistance [4], Therefore, 
considering the lack of studies on the improvement in densification of this refractory, high 
alumina refractories with different addition of Zr0 2 were prepared in the present work, and the 
effect of Zr0 2 addition on the densification of this refractory was investigated, for the purpose to 
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further promote the performance of high alumina refractory. 

Experimental Procedures 

The starting raw materials used in the present work were analytical reagents of AI2O3, MgO and 
CaC03 powders. Batch composition located in the ternary subsystem MA-CA2-CA6 was made 
from the raw materials with typical chemical composition as shown in the follows: 82% AI2O3, 
10% MgO and 8% CaO (after converted). High purity Zr0 2 powder was added to the above 
compositions at 0, 2, 4, 6 and 8 wt.%. All the batches of mixtures were shaped to pellets after 
attrition milling for 2 h respectively. Then the prepared pellets were dried at 120°C for 24 h and 
then were fired in a high temperature electric furnace at the heating rate of 5 °C/min to 1600°C 
with soaking time of 2 h. 
The sintered samples were characterized by compactness, thermal shock resistance, phase 
composition and microstructure. The compactness was characterized by bulk density and 
apparent porosity measured in kerosene using Archimedes principle, and the thermal shock 
resistance was evaluated by quenching the samples in air for 15 min after heating at 1100°C for 
15 min, recycling till the sample ruptured. The phase compositions were examined by X-ray 
powder diffraction (XRD, Cu Ka radiation, 40 kV and 40 111A) with a step of 0.02° (29). In 
addition, the micro structures were analyzed by scanning electron microscopy (SEM, SSX-550, 
Japan) attached with energy dispersive X-ray analyzer (EDX). 

Results and Discussion 

Phase composition 

Fig. 1 XRD patterns of the fired samples with different Zr0 2 content 
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Fig. 1 shows the XRD patterns of the samples with different ZrC>2 content after heating at 
1600°C for 2 h. For the sample without ZrC>2 addition, MA, CA2, CA$ were the main crystalline 
phases, which was in agreement with the result supplied by the mentioned ternary subsystem. 
For the Zr0 2 added samples, the compound CaZr03 formed between CaO and Zr0 2 was not 
detected, which was mainly owing to the lower temperature of the reaction between CaO and 
AI2O3 compared with that for CaZr03 formation. For the sample with 2% Zr0 2 addition, the peak 
of Zr02 was also not observed and the peak of CA$ showed a shift to lower 29 values, indicating 
that Zr4+ could be absorbed in the CA6 grains. With further increase of Zr0 2 addition, tetragonal 
Zr02 were detected for exceeding the solid solubility limit. 

Densification 

Fig. 2 shows the effect of Zr02 addition on the densification process of the samples after heating 
at 1600°C for 2h. It was observed that the bulk density increased appreciably with Zr02 addition 
increasing from 2% to 4%, and then increased slightly with further increase of Zr02 content. 
Meanwhile, the evolution of the apparent porosity showed an opposite result accordingly. 

ZrOz content (%) 

Fig. 2 Effect of Zr0 2 addition on the densification process of the high alumina refractory 

To explain this evolution of densification process, microstructures using back-scattered electron 
(BSE) imaging on the polished surfaces of the different samples were analyzed (shown in Fig. 3). 
For the sample without addition, a porous structure was observed, which was associated with the 
formation of the platelet structure of CAe grains with high aspect ratio and an acicular shape 
(shown in Fig. 3a) as mentioned in the literature [6], When 4% Zr0 2 was added (shown in fig. 
3b), two types of areas of the polished surface were observed. One was the relatively porous area 
that was similar to the sample without addition. In this area, the platelet structure of CA6 grains 
with anisotropic growth was observed and practically no Zr4+ was detected by EDX analysis in 
this area; the other was the dense area with no platelet structure observed. In this area, fine 
tetragonal Zr02 grains were located in the grain boundaries, and Zr4+ was also detected in the 
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rounded CA$ grains in the form of a solid solution, indicating that the presence of Zr0 2 inhibited 
the anisotropic growth of CA$ grains and enhanced the isotropic growth, which improved the 
diffusion of ions and grain growth. Consequently, the densification of this area was promoted. 

Fig. 3 BSE images of the microstructures on the polished surface of the different samples: (a) 
without addition, (b) 4% Zr0 2 

Thermal shock resistance 

¡1Illl 
0 2 4 6 8 

ZrO2 Content (%) Fig. 4 Effect of Zr02 addition on the thermal shock resistance of the high alumina refractory 

Fig 4 shows the effect of Zr0 2 addition on the thermal shock resistance of the fired samples. It 
was observed that the thermal shock resistance was greatly enhanced by addition of 4% Zr02 . 
This would be due to the enhancement of grain-grain bonding by heterogeneous distribution of 
residual fine t-Zr02 crystals on the grain boundaries. It was also observed that the value trended 
to be a constant with further increase of Zr02 . Therefore, it is considered that the optimal amount 
of Zr02 addition was about 4% considering the performance together with the cost. 
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Conclusions 

High alumina refractories with different addition of ZrC>2 were prepared in the present work. The 
results showed that added Zr0 2 could dissolve in the CA6 grains in the form of a solid solution, 
which enhanced the isotropic growth of CA$ grains and then improved the diffusion of ions. As a 
result, the sintering behavior was improved and the dense area was expanded. Tetragonal Zr0 2 

grains were found to locate in the grain boundaries when Zr0 2 addition exceeded the solid 
solubility limit, which enhanced the thermal shock resistance due to the enhancement of 
grain-grain bonding. In addition, it is considered that the optimal amount of Zr0 2 addition was 
about 4% considering the performance together with the cost. 
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Abstract 

Large amounts of copper slag containing about 40 wt% iron is generated during the process of 
producing copper. Recovery of iron from the copper slag is very essential not only for recycling 
the valuable metals and mineral resources but also for protecting the environment. The purpose 
of this study was to investigate the possibility of separating fayalite by oxidation-reduction 
process into Magnetite and silicate phases in intermediate temperature condition. Experimental 
results show that when the oxidation reaction at 1000 °C for 120min and the oxygen flow is 
O.lL/min, most fayalite decompose to hematite, less part of magnetite and silica. And then, the 
mixture of carbon and oxidation product is pressed into blocks and reduced to magnetite and 
silica at 900°C for 90min. A magnetic product containing about 57.9wt% iron was obtained from 
the magnetic separation under a magnetic field strength of 100 mT. 

Introduction 

With rapid development of China s metallurgical industry, about 10 million tons of copper slags 
were produced every year [1], Most copper slag was piled up as waste, which will not only take 
up a lot of land, pollute the environment, but also be a waste of resources, and it became an 
obstacle to the sustainable development of copper smelting enterprises. Mineralogy analysis of 
slag shows that copper slag generally contain Fe, Mo, Cu, Zn, Co, and Ni and other metals and 
their oxides, iron content in about 40%, and most of Fe exists in form of fayalite (Fe2SiC>4), 
mineral crystallization is not enough and most of it is amorphous, Cu and Fe particle size is very 
fine and well-distributed, and minerals wrap each other [1-6], All these characters make slag 
structure hardness, isotropy, very compact and chemical property stable, therefore mineral 
separation cannot recovery Fe and other valuable elements except of raw materials of cement and 
concrete, and rust prevent grinding material [5-9], 
Many studies have proved that the ideal method of recovering iron from copper slag is to transfer 
the Fe exists in fayalite (Fe2SiC>4) into Fe exists in Fe3C>4 or Fe at high temperature molten state, 
and then separate the Fe from slag by magnetic separation. But this method will consume a 
higher energy [10-11], The purpose of this study was to investigate the possibility of separating 
fayalite by oxidation-reduction process into Magnetite and silicate phases in intermediate 
temperature condition, which will own a great significance for improving environment and 
relieving iron ore shortage condition. This study mainly includes raw material's physical and 
chemical properties, the oxidation thermodynamics of fayalite, the reduction thermodynamics of 
hematite and phase transformation, magnetic separation of magnetic and non-magnetic products. 
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Experiment Material and equipment 

Experiment Material 
The copper slag is generated during the secondary recovery of copper by crushed, ground, 
flotation which is provided by a copper smelting company. The copper slag particle diameter and 
its polydispersity are determined with laser dynamic light-scattering method by BT-2001 Laser 
particle size analyzer shown in Fig 1. It is shown in Fig 1 that the size of copper slag is very 
small, and the median size of particle is less than 10pm. The chemical composition of slag is 
shown in Table I. 

Fig 1 Particle size distribution of copper slag 

Table I The chemical com position of slag [mass percent :%) 
TFe FeO Si02 Ca Al Zn Cu Mg Pb K Others 
38.52 45.67 38.57 1.27 1.55 2.67 0.48 0.91 0.47 0.54 7.87 

copper slag 

t̂ jlJilJ 

1 -Fe2S i04 
2 - F e 3 0 4 
3 -CaFeS i04 CuO 

Fig 2 XRD pattern of copper slag 

The instrument for identification of object phase is D/max2550 X-ray diffraction produced by 
RIGAKU . The slag XRD shows that the copper slag is amorphous mineral and the crystal 
mineral is fayalite (Fe2Si04). In Fig.2, other mineral's diffraction peak is not obvious and the 
corresponding spectral lines of other crystal mineral such as CuO, Fe304 etc. can be found. 
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Experiment equipment 
The main laboratory equipment, including an electric resistance furnace, SRS3400 X-ray 
fluorescence spectrum analyzer, D/max2550 X-ray diffraction, JSM-6700 Scanning, BT-2001 
Laser particle size analyzer, CXG-08SD magnetic separate tube, etc. 

Oxidation-reduction experiment on copper slag 

Experiment principle 
The fayalite oxidation process by oxygen and Fe203 reduction process by carbon are analyzed. 
The oxidation thermodynamics of fayalite influenced by 0 2 and the reduction thermodynamics 
of hematite influenced by carbon is calculated. The results are shown in equation (1), equation (2) 
and equation (3). The thermodynamics calculation indicates that the possibility of the fayalite 
oxidation process is very large. 

2Fe011i02 + 0.502 = Fe203 +Si02 ArĜ  =-250823+100.857(7/mo/) (1) 
2Fe0TSi02 = 2Fe0+Si02 AG®:=-36200+21,09T( 7 / mol) (2) 

3 Fe203 +C = 2 Fefi, + CO ArGe
m = 120000 - 218.467(7 / mol) (3) 

Experimental scheme 
Firstly, the copper slag is oxidized by 0 2 in the tubular resistance furnace. Secondly, the 
oxidation products were grinded, then mixed with carbon and CaO, and pressed into blocks. 
Thirdly, the sample was charged into an electric resistance furnace and reduced for some time. 
At last, the sample was subjected to wet magnetic separation at a magnetic field of lOOmT, then 
non-magnetic product was thrown into the tailings compartment and magnetic product was 
gripped, carried out of the influence of the field and deposited into the magnetic compartment. 
After magnetic separation, both magnetic and non-magnetic products were analyzed. 

Results and Discussion 

Copper slag oxidation process 
The copper slag was calcined at 800°C, 850°C, 900°C, 950°C, 1000°C respectively for 120min 
and the oxygen flow is O.lL/min. The XRD pattern of the sample after calcined was analyzed 
shown in Fig 3. As calcination temperature increases, fayalite was oxidized into hematite and 
amorphous silica (2FeOSi02+0.502->Fe203+Si02), then the crystal morphology of magnetite 
was transform into hematite. The characteristic peaks of fayalite disappeared at 900 °C, the 
characteristic peaks of magnetite increased with temperature rising then decreased while 
calcination temperature is higher than 900°C. The characteristic peaks of hematite increased as 
calcination temperature increased. The XRD pattern of the sample after calcined for 60min, 
90min and 120min at 1000°C and the oxygen flow is O.lL/min was analyzed shown in Fig 4. It 
shows that the characteristic peaks of fayalite disappeared with time increased. The characteristic 
peaks of Si02 appeared at 21.7° ,27.5° ,36.6° ,41.7° and 50.2° when the calcination time 
reached to 120min. 
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Fig 3 XRD patterns of natural and copper slag calcined under different temperature 

Fig 4 XRD patterns of copper slag calcined in different time 

SEM / EDX analysis of the copper slag was uncalcined and calcined at 1000 °C for 120min 
shown in Fig 5. The SEM shows that the uncalcined copper slag was dense structure and smooth 
nonporous surface structure, and it's surface color was dark gray. The EDX results of copper 
slag in point 1 and point 2 (shown in Fig 5) have shown in Table II. The test results by EDX 
analysis show that the ingredients of copper slag were almost fayalite. After the oxidation, the 
morphology of the calcined copper slag with bulky structure with holes was very different from 
the original copper slag, and the surface color changed to light gray. The test results by EDX 
analysis shows that was hematite. So, the experimental results of SEM/EDX analysis shows that 
the oxidation process can change the structural properties of copper slag, and it will promote 
Fe(II) transformed into Fe(III). 
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Fig 5 SEM analyses of calcined copper slag 

Table II The EDX results of copper slag (mass percent:%) 
Samples Point Fe O Si Zn Ca Al K Phase 
Copper 1 41.96 34.02 17.05 2.12 1.27 1.55 0.54 Fayalite 
slag 2 34.86 38.70 19.33 2.38 2.06 1.36 0.60 Silicate 
1000°C 1 66.03 24.72 4.70 2.34 2.07 0.30 - Hematit 
120min 2 4.12 47.77 35.18 1.89 3.04 4.71 1.25 Si02 

The calcined copper slag reduction process by carbon 
Influence of reduction temperature. Experimental conditions: The reduction process is studied in 
which 6% carbon is added and the reduction time is 120 min. The influences of reduction 
temperature and XRD pattern of product after reduction on iron grade are shown in Fig 6 and Fig 
7. It is shown in Fig 6 that the iron grade increases with temperature rising when reduction 
temperature below 900°C, that's because the reduction process is endothermic. Moreover the 
iron grade decreases while temperature is 950°C for regenerating fayalite [12]. The characteristic 
peaks of hematite still exist when reduction temperature is 800 °C shown in Fig 7. The reduction 
temperature should be appropriate to ensure adequate reduction and will not generate fayalite. 

Fe% 

CD "O £= ro 0 
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T/°C 
Fig 6 Effect of temperature on iron grade 
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Fig 7 XRD pattern of product after reduction 

Influence of carbon content. Experimental conditions: The reduction process is studied in which 
reduction temperature is 900 °C and the reduction time is 120 min. The influences of carbon 
content and XRD pattern of product after reduction on iron grade are shown in Fig 8 and Fig 9. It 
is shown in Fig 8 that the iron grade increases as the carbon content increases until to 6% 
because it needs enough carbon to ensure adequate reduction. And the characteristic peaks of 
hematite still exist when carbon content is 6% shown in Fig 9. Then the iron grade decreases 
because excessive carbon reduced Fe304 to FeO, and FeO was transform into Fe2Si04 by Si02 

[12], shown in Fig 9. 

59 R 

2 ' 4 ' 6 ' 8 10 

C% 
Fig 8 Effect of carbon content on iron grade 

514 



Fig 9 XRD pattern of product after reduction 

Influence of reduction time. Experimental conditions: The reduction process is studied in which 
6% carbon is added and the reduction temperature is 900 °C. The influences of reduction time on 
iron grade are shown in Fig 10. It is shown in Fig 10 that the iron grade increases with time 
increased because the reduction process is more thoroughly as reduction time increased. 
Moreover the iron grade almost constant when reduction time is longer than 90min. 

Time/min 

Fig 10 Effect of reduction time on iron grade 

Conclusions 

(1) Throughout the oxidation process as calcination temperature and time increased the 
characteristic peaks of hematite increased because fayalite is oxidized into hematite and 
amorphous silica, then the crystal morphology of magnetite is transform into hematite. The 
characteristic peaks of fayalite disappeared at 900 °C, the characteristic peaks of magnetite 
increased with temperature rising then decreased while calcination temperature is higher 
than 900°C. The characteristic peaks of Si0 2 appeared at 21.7° ,27.5° ,36.6° ,41.7° and 
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50.2° when the calcination time reached to 120min. The oxidation process can change the 
structural properties of copper slag, and it will promote Fe (II) transformed into Fe (III). 

(2) After the reduction process, hematite is transformed into magnetite and laboratory 
experiment offers a better condition that the iron grade of magnetic concentrate is increased 
to 57.91% from 38.52% when 6% carbon is added and reduction temperature and time are 
respectively 900 °C and 90min. 
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Abstract 

The process of casting metals and alloys occurs through the fusion of this metal and its 
subsequent casting into a mold with the dimensions and geometry close to the final piece. Most 
foundries use sand casting molds for making you. This work aims to characterize and evaluate 
the foundry sand to allow its use in segments of Civil Engineering, creating a viable destination 
for a residue is that discarded. The following characterization tests were performer: particle size, 
chemical analysis, X-ray Diffraction and Density Real grain. For the execution of the test 
specimens was used to 1:3 cement and sand, and the incorporation of 10% and 20% of the total 
mass replacing the sand, and the trace reference. The results show that best results in 
compression and bending tests were obtained by replacing 10 % of common sand for sand 
casting. 

Introduction 

The casting process of metal alloys occurs through the fusion of this metal and its 
subsequent leakage into a mold with the dimensions and geometry close to the final piece. After 
solidification, the metal is extracted from the mold, leaving only the desired part. In general, the 
casting sand is used for create these molds. These sands are composed of quartz, chromite and 
zircon, in addition to additives and binders.[1] 

The sand is reused until no longer suited to the mold making process, being so discarded. 
This dispose generates a huge amount of waste in landfills, it is estimated that for every ton of 
molten metal has been around a ton of discarded sand. 

To mitigate this problem, it is studied the development of a technique to reuse these sand, 
being civil construction a promising alternative for use as part of the raw material. 
Some works have been developed to partially replace the aggregate for casting sand for making 
concrete[2] and pavement[3]. 

The objective of this work is to characterize and to replace partially in 10% and 20% of the 

aggregate for sand casting. 
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Materials and Methods 

The residue used in this work was collected in one of the points of discard from the 
molding process. 

After collecting the residue the particle size, Chemical Analysis, X-Ray Diffraction and 
Density Real grain were performed for material characterization. 

The particle size test was done using the standard sieves and then the sedimentation test 
with the passing material sieve (sieve mesh 200, ABNT, 0.075mm)[4]. 

Chemical analysis was performed using the technique of X-ray spectroscopy by energy 
dispersive (EDX) using a Shimadzu EDX-700. The sample was ground using a ball mill at the 
Laboratory of Civil Engineering until the material was sieved (sieve mesh 325, ABNT, 0.045 
mm), making it more uniform, which facilitates analysis. 

The test of X-ray diffraction was performed by a X-ray Diffraction (XRD), using a 
Panalytical X'Pert powder diffractometer operating at 45kV, 40 mA with CuKa radiation. 

The Density Real grain was performed using calibrated pyknometers in the Laboratory of 
Soil Mechanics. 

Once characterized, the mortars were prepared for consistency test. The mortars were 
prepared according to NBR 13276 (ABNT, 2005) [5] using the 1: 3 ratio, making the 
replacement of fine aggregate for casting sand, in percentages of 10% and 20% beyond the 
reference composition without replacement. 

The consistency test was performed according to NBR 13276 (ABNT, 2005)[5], Several 
attempts with different additions of water masses were held until it was found the diameter 
required by standard, 260 ± 5 mm. The consistency test was conducted for the three different 
compositions, and discovered the water/cement ratio for each of them (Figure 1). 

Figure 1. The consistency test - flow table. 

The flexural strenght of a hardned mortar is determined by three point loading of a prism 
sample, subsequent to the rupture of this sample the compressive strenght is determined on each 
half of the prism. Prism mould compartments are required to be 160 mm x 40 mm x 40 mm 
(each mould assembly produces three prism samples), prior to use they are lubricated with a thin 
layer of mineral oil. After 7,14 and 28 days of curing the flexural strenght and the compression 
tests (Figure 2) in bending according to NBR 13279 (ABNT, 2005)[6], 
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Figure 2. Compression test. 

Results 

Figure 3 shows the particle size distribution curve of the casting sand. In this figure one 
sees that the so-called "clay fraction", corresponding to particle sizes (d) below 2 pm is 4.60%, 
while the "silt fraction" (2 < d < 20pm) is 87.30% and the "sand fraction" (d > 20pm) is 8.10%. 

Figure 3. Particle size distribution of the raw material. 

The chemical composition of the casting sand obtained by XRF, is presented in Table 1. 

Table 1 - Chemical composition by XRF of the raw material given in terms of oxides (%). 

Fe203 Al203 Cr20} Si02 so3 MnO k2o TiO, Zr02 ZnO v2o5 NiO 

27.02 26.32 21.65 19.07 2.20 1.34 0.82 0.46 0.25 0.25 0.24 0.20 
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Figure 4 shows the characterization by X-ray Diffraction. In this figure the proportion of 
magnetite is consistent with the huge amount of (Fe2C>3), as shown in Table 1. 

Figure 4. Results of characterization by X-ray Diffraction. 

The real density of particles of casting sand is presented in Table 2. 

Table 2. Real density of the casting sand. 

Real Density of 
Particles (g/cm3) 

2.67 

The three compositions tested and their consistencies are presented in the table 3. 

Table 3 - The compositions and their consistencies. 
Composition Cement Sand Casting Sand Water/cement Consistence 

Reference 1 3 0 0.69 263mm 
10% 1 2.7 0.3 0.69 256mm 
20% 1 2.4 0.6 0.78 256mm 

The table 4 shows the medium values of the compression rupture strength of all the 
samples of each composition. It is important to mention that the minimum average strength for 
the samples is 1.5 MPa [7] (after 28 days). Based on this norm, all the types attend the above 
requirements. 

Table 4. Compression rupture strength (MPa). 
Rupture age (days) Reference 10% 20% 

7 2.46 3.53 3.55 
14 3.80 4.09 3.97 
28 4.30 4.59 4.32 
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The table 5 shows the medium values of the flexural strength of all the samples of each 
composition. It is important to mention that the minimum average strength for the samples is 1.0 
MPa [7] (after 28 days). Based on this norm, all the types attend the above requirements. 

Table 5. Flexural Strenght (MPa). 
Rupture age (days) Reference 10% 20% 

7 0.84 1.05 0.82 
14 1.10 1.27 1.11 
28 1.30 1.51 1.29 

Conclusion 

• It can be concluded that all samples meet the requirements of the standard. 
• The composition with 10% incorporation of casting sand showed the best performance. It 

can be concluded that the casting sand has potential for use in civil construction. 
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Abstract 

It is important to produce and utilize highly reactive coke in order to reduce the 
energy consumption and CO2 emissions through improving shaft efficiency in blast 
furnace. The present study aimed to investigate the transformation of iron minerals 
and properties of iron coke (the coke mixed iron ore fines). Along with the increase of 
iron ore fines, cold strength displayed a slight downtrend and the pore structure 
wasn't inferred to be a major factor affected the properties of iron coke. During 
carbonization, the majority of mixed iron oxides were reduced to metallic iron by CO 
and H2 and the degree of metallization achieved to approximately 75%. Nevertheless, 
produced metallic iron was oxidized by pure C0 2 during gasification. Iron coke 
reactivity index (ICRI) was obviously enhanced and the iron coke strength after 
reaction (ICSR) drastically decreases, which were also significantly influenced by 
crystal structure of carbon. 

Introduction 

The blast furnace (BF) is an important and effective ironmaking technology. Currently, 
with the pressure of environmental protection and the soaring of coke price, 
improving the efficiency of BF reactions and reducing consumption of fuels have 
been brought into the concern of the ironmaker. Coke, one of the major raw materials, 
plays a significant role to ensure the BF working smoothly. Generally speaking, coke 
strength and carbon solution loss reaction are considered to influence importantly on 
the shaft efficiency. Naito et al. [1, 2] and Lyalyuk et al. [3] have concluded that the 
utilization of highly reactive coke could decrease the thermal reserve zone 
temperature, resulting from the stronger driving force of reduction reaction in BF. 
Previous studies have indicated that the rank, maceral compositions and mineral 
matters of the parent coal affect the coke reactivity principally. Among of them, 
mineral matters have been considered as the most important factor [4, 5], Particularly, 
the alkalis [6],alkaline-earth metals [7] and transition metals [8] present a strongly 
positive catalysis during the coke gasification with C02 . 
To be specific, alkali and alkaline-earth metals are undesirable as catalysts of 
metallurgical coke because of the scaffolding o f B F brasque and the harder control of 
basicity of slag, respectively [9], In recent years, scholars pay more attentions to iron 
coke and put forward some controversial viewpoints. M. Grigore considered that 
metallic iron (MFe), pyrrhotite (Fei_xS) and hematite (Fe203) could have a catalytic 
effect on the gasification, but it wasn't explicit about magnetite (Fe304) [4], Some 
researchers revealed that the application of the iron coke containing 43% of TFe for 
BF resulted in an increase of shaft efficiency by 6.8% [10]. However, the catalytic 
mechanism of iron for coke reactivity remains poorly understood. 
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In present study, the properties of cokes such as the cold strength, pore structure and 
crystal structure were investigated. Furthermore, the transformation of the mixed iron 
minerals was analyzed after the carbonization and gasification. 

Experimental 

Preparation of coke sample 

Two kinds of coals, coal NT (caking coal) and coal YH (moderately caking coal), and 
iron ore fines were selected for this study. Table I and Table II show the properties 
of coals and chemical component of iron ore fines, respectively. The coals were 
sieved by 0.5 and 3 mm apertures and the particle size of iron ore maintains less than 
74 ¡xm. Mixing conditions of raw materials for coke production are shown in Table IH. 
The blending ratio of coal NT and YH was fixed (NT/YH=7/3) while the iron ore 
fines were added by 0, 2.5, 5, 7.5, 10 and 15 wt-%. Preparation of samples was 
carried out by means of 'pre-addition of catalyst to coke' method. Mxed materials 
with a moisture content of 10% were charged into a coking reactor showed in Figure 
1(b) (100 mm diameter and 500 mm high) at a bulk density of 900 kg m"3. In order to 
ensure the homogenous density of briquette, the raw materials were packed into the 
retort in five increments of 440 g each and each of increments was tamped down to a 
predetermined height of 63.5 mm. Subsequently, the retort was placed into a 2 kg 
electrically heated test coke oven and then the oven kept a constant temperature for 6 
h when the briquette was heated to 1050°C. The experimental apparatus are shown in 
Figure 1(a). 

Table I Properties of coals used in the experiment 

Proximate analvsis/wt-% Trai Ultimate analysis \vt-" O 
R0 /% 

Mad V M Ash FC C H N S o 
NT 0.89 21.12 11.92 

YH 2.38 26.26 10.08 

66.07 

61.28 

76.14 

73.22 

4.12 

4.41 

1.20 0.51 

1.72 1.96 

5.22 

6.23 

1.03 

0.95 

\l;kl Air-dried Moisture, VM: Volatile Matter, FC: Fixed Carbon, : Mean Reflectance 0 

Table II Chemical component of iron ore fines used in the experiment/wt-% 

TFe FeO S i 0 2 AI2O3 CaO MgO P S 

65.27 23.53 5.92 0.70 0.27 0.39 0.01 0.26 

Table HI Mixing conditions of raw materials for coke production/wt-% 
Raw materials No. l No. 2 No.3 No. 4 No. 5 No.6 

Caking coal (NT) 

Moderately caking coal (YH) 

Iron ore fines 

70.00 

30.00 

0 

68.25 

29.25 

2.50 

66.50 

28.50 

5.00 

64.75 

27.75 

7.50 

63.00 

27.00 

10.00 

59.50 

25.50 

15.00 

Evaluation test of cold strength and thermal properties of iron coke 

After the carbonization processes from tests No.l to No.6, the shatter index ( S I ^ ) of 
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coke samples were tested by the method which described by Standardization 
Administration of China (SAC) GB/T15459-2006. The test method of mechanical 
strength was described by SAC GB/T2006-2008, the crushing strength (M25) and the 
abrasion resistance (Mio) were measured after 100 revolutions in the I-type drum 
tester. In addition, the thermal properties of coke samples were evaluated by Nippon 
Steel Corporation (NSC) method and the coke gasifier is shown in Figure 2. 

Figure 1 Carbonization apparatus in the test: (a) 2 kg electrically heated 
test coke oven; (b) coking reactor. 

Figure 2 Experimental apparatus of gasification reaction 

Evaluation test of pore structure of iron coke 

The quality of coke was considered to be affected by pore structure. After 
carbonization, the measurements of surface area and pore volume were performed by 
adsorption of nitrogen gas at the temperature of 77 K and the parameters were 
calculated by the Brunauer-Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) 
isotherm, respectively [11], 

Test of phase and crystallite sizes for iron coke 

In order to investigate the transformation of iron minerals of the coke during 
carbonization and gasification process, the phases were identified using X-ray 
diffraction (XRD) analysis. The XRD has a monochromator and a copper K a X-ray 
source. The voltage and current in the X-ray emission tube on samples were set at 40 
kV and 150 mA, respectively. In this study, iron coke samples were scanned with a 
scanning rate of 4° min"1 over the angular range of 10° to 90°, and the sampling 
interval was set in 0.02°/step [12], Except the phase, the further details of crystallites 
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sizes were evaluated by analyzing the 002 and 100 carbon peaks of the XRD pattern 
following classical Bragg's law and Scherrer's equation, 

Where X is wavelength of X-ray and 1=0.15418 nm, 9 represents the diffraction 
angular of carbon crystallite, /¡i and fS2 are the full width at half maximum (FWHM) 
of the diffraction peak (002 and 100), respectively. ki=0.9\ for Lc and 1.84 f o r L a 

The evaluation of cold strength of iron coke 

The catalyst can reduce the caking property of coal in carbonization process [14]. 
Therefore, the cold strength of iron coke produced by coals and iron ore fines is 
analyzed, mainly about the shatter and mechanical strength. Figure 3 describes the 
trend of SI25 for variational blending ratios and shows that the conventional coke 
presents a little higher SI25 than iron coke. Nonetheless, the SI25 can maintain 
upon 90% at least. The mechanical strength is represented byM 2 5 andMio which also 
are showed in the Figure 3. Below the blending ratio of 7.5 wt-%, the M25 of coke 
slightly declines and theMio slightly increases. On the other hand, it shows much low 
cold strength with the ratio of 10 wt-% and 15 wt-%. To be compared with 
conventional coke, the descending ratios of M2 5 are 0.40%, 5.33%, 5.30%, 10.30% 
and 10.19%, respectively. Base on the tests, it declares that the cold strength presents 
a downtrend along with the increase of the blending ratios under same carbonization 
conditions. The reasons can be considered that the prevention of dilatation of coal 
particles is more serious with the increase of iron ore fines [10]. 

Figure 3 Cold strength of iron coke blending different ratios of iron ore fines 

Some investigations of the iron coke after carbonization 

Transformation of iron minerals of iron coke after carbonization 

Since so many papers had manifested that some kinds of iron minerals revealed 
strongly catalytic impact on the gasification of coke [8, 15]. Therefore, it is necessary 
to investigate the transformation behavior during carbonization process and the XRD 
analysis was used. The Figure 4(a) describes major constituents of coke without iron 
ore fines, the sulfur presented in the coke can react with calcium oxide to form 

4 =k1Â/(jB1œs0) 
La=k2A/(/32 cos 0) 

(1) 
(2) 

[13]. 

Results and Discussion 
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calcium sulfide (CaS) when it was released during carbonization. Figure 4(b), (c), (d), 
(e) and (f) describe the transformation of iron minerals in coke bearing 2.5 wt-%, 5 
wt-%, 7.5 wt-%, 10 wt-% and 15 wt-% iron ore fines, respectively. In the five figures, 
the FexS which may be considered production of the reaction between iron oxides and 
hydrogen sulfide occurs. However, CaS doesn't appear any more. It can be inferred 
that the major sulfurs of coals have reaction with mixed iron oxides and there will be 
few sulfurs react with calcium oxide. 
The carbon and coke oven gases (CO and H2) contributed to the presence of metallic 
iron during carbonization and the degree of metallization could be calculated by the 
following equation: (measured mass of metallic iron)/ (calculated mass of iron oxides). 
In addition, the mass of metallic iron was assessed by means of chemical analysis and 
the mass of iron oxides was calculated via the TFe and mass ratio of FeO in the 
original iron ore fines. According to above, the degree of metallization was obtained 
and achieved to approximately 75%. 

Figure 4 XRD patterns of coke bearing iron ore fines after carbonization 

Crystal structure and pore structure analysis of iron coke after carbonization 

Generally, coke is porous material which consists of pore and matrix. In present study, 
the pore structure of iron coke after carbonization is investigated, especially surface 
area and pore volume. The Figure 5 indicates that both surface area and pore volume 
changed little when the blending ratio is less than 10 wt-%. Nevertheless, a high value 
appears under the ratio of 15 wt-%. 
Although coke is an amorphous material, it contains a small quantity of crystal 
structure in the small scope, which is called crystallite. Crystal structure influences the 
coke strength and reactivity. Hence the crystallite sizes of coke bearing iron ore fines 
after carbonization are evaluated by means of XRD techniques and the results are 
described in the Figure 6. In order to represent crystal structure, the 002 and 100 
peaks were mentioned. In this figure, 002 and 100 carbon peaks appear roughly at the 
26° and 45°, respectively. Here, 002 carbon peak is lower and wider along with the 
increase of addition, which indicates that the degree of ordering of carbon structure of 
coke or graphitization (crystallite height, Lc) reduces [9], Meanwhile, 100 carbon peak 
is higher and narrower (crystallite width, La). The Lc and Ln were calculated by the 
equation (1) and equation (2), where the FWHM of 002 and 100 carbon peaks 
measured from the XRD profile. It is considered that the crystal structure of cokes is 
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obviously affected by mixed iron ore fines. 

Figure 5 Changes in surface area and pore volume of coke products with 
blending ration of iron ore fines 

Figure 6 XRD patterns of crystal structure of iron coke after carbonization 

Some investigations of the iron coke after gasification 

The evaluation of the thermal properties of iron coke 

Figure 7 shows the variation of both ICRI and ICSR. It can be obtained that the iron 
cokes indicate a higher ICRI than conventional coke, meanwhile, the increasing ratios 
are 0.7, 1.5, 1.9, 1.5 and 1.2 times, respectively. The ICRI achieves to the maximum at 
the blending ratio of 7.5 wt-% but above present an obviously reducing tendency. In 
addition, the active patches on the carbon surface where the carbon solution loss 
reaction occurs can increase owing to the variation of crystal structure. In 
consideration of the strongly negative influence of iron ores on the formation of 
plastic mass, the anisotropic microtexture would be restrained. Generally speaking, 
isotropic microtexture is believed to react more readily with CO2 than the anisotropic 
microtexture [16], Based on all factors introduced above, it can be inferred that the 
reactivity of coke is obviously enhanced when the iron ore fines are mixed in the raw 
coals. 
A high degree of linear correlation between the two indices, CSR and CRI, is derived 
from the NSC method by various authors [17], Figure 7 illustrates that the ICSR has a 
significant downtrend while the additives increase. The ICSR is controlled by the 
expansion of coals and inner degradation. In addition, more carbon is consumed 
during gasification resulting from the high reactivity of iron coke, the carbon strength 
sharply declines. On the other hand, there is a positive correlation between ICSR and 
Lc shown in the Figure 8, which indicates that the ICSR increase obviously along 
with the increase of Lc values. It can be inferred that the increase of degree of 
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graphitization leads to the promotion of micro-strength of carbon. 

Figure 7 Changes in ICRI and ICSR values of coke products with blending 
ration of iron ore lines 
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Figure 8 The relationship between ICSR and Lc 

Transformation of iron minerals of iron coke after gasification 

The test of gasification of coke with C0 2 was carried out and there were some 
changes of mineral matters in the process shown in Figure 9. Making a comparison, it 
seems to be considered that gasification reaction has no obvious influences on the 
mineral matters of conventional coke. To compare with other results shown in the 
Figure 4, the FexS remains existent in the Figure 9. 
In addition, the produced metallic iron during carbonization disappears as a result of 
the oxidization of Fe in the atmosphere of pure C0 2 , which can be described by 
equation (3) and equation (4), 
Fe+C02=Fe0+C0 (3) 
3Fe + 4 C02 = Fe304 + 4 CO (4) 
2 FeO + Si02 = Fe2Si04 (5) 
The AG values of equation (3) and equation (4) were calculated and found to be 
negative, suggesting the reactions occurred in this atmosphere.According to equation 
(3) and (4), the FeO and Fe3Û4 were produced by the oxidation of C02 . Therefore, the 
weightlessness of cokes decreased after gasification and the values would be larger 
with the increase of addition. As a result, the non-monotone transition of ICRI 
appeared in the Figure 7. 
In view of the situation, Si02 likely reacted with FeO and produced a low melting 
compound (fayalite), which could be described by equation (5). The production of 
fayalite was also determined the low ICSR, resulting in the formation of crack. To the 
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special, the whole iron oxides were combined to fayalite when the blending ratios 
were 2.5 and 5 wt-%. However, paying attention to the blending ratios of 7.5, 10 and 
15 wt-%, the FeO was surplus for the formation of fayalite so that iron element could 
be seen as iron oxides. Except that, the iron minerals existed as spinel in all of 
samples. 

Figure 9 XRD patterns of coke bearing iron ore fines after gasification 

Conclusions 

In present study, the cold strength and thermal properties of iron coke were evaluated. 
The pore structure and the crystal structure were investigated by means of adsorption 
of gases and XRD analysis, respectively. Furthermore, the transformation of the 
mixed iron minerals was analyzed after the carbonization and gasification. 
1 Along with the increase of iron ore fines, cold strength displayed a slight downtrend 
because of the prevention of dilatation of coal particles and the pore structure isn't 
inferred to be a major factor affected the properties of iron coke. 
2 The majority of mixed iron oxides were reduced to metallic iron by CO and H2 

during carbonization and the degree of metallization achieved to approximately 75%. 
Nevertheless, produced metallic iron was oxidized by pure C0 2 during gasification. 
However, the reaction between produced ferrous oxide and ash of coke would lead to 
a serious degradation of iron coke. 
3 ICRI was obviously enhanced by added iron ore fines and achieved to the maximum 
at the blending ratio of 7.5 wt-%. ICSR drastically decreases along with the increase 
of iron ore fines, which could be affected by excess gasification and serious 
degradation on account of reaction of minerals. Furthermore, the trend of ICRI and 
ICSR were also significantly influenced by the degree of graphitization which could 
be represented by the Lc. The lower values of Lc were, the higher the ICRI and the 
lower the ICSR. 
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Abstract 

In China, Basic Oxygen Furnace (BOF) slag is traditionally used as an aggregate for civil 
engineering, for road engineering and fertilizer. In order to make full use of BOF slag, the 
experiments of BOF slag with high temperature roasting has been carried out and the phase 
transformation is studied. The BOF slag from Chongqing Iron & Steel is roasted in the electric 
muffle furnace at three different temperature. The influences of the high temperature roasting on 
change the phase composition of BOF slag was characterized by XRD. The results revealed that 
SFCA was produced at the high temperature in air atmosphere and melting temperature of slag 
was lowered. Therefore, if the BOF slag which treated by roasting was utilized in the sintering 
process, it is advantageous to improve the sintering strength and the formation of the liquid phase 
and reduce fuel consumption in the sintering production process. 

Introduction 

Since the beginning of the industrial era, slags, which have been considered waste production, 
started appeared as a major by-product obtained during the extraction of metals from ores 
through metallurgical processes. According to the report of the World Steel Association, there 
are about 1580 million tons crude steel output around the world in 2013, and the crude steel 
output of China accounts for almost 49.2wt% of the global crude steel output. During the process 
of steel production in Basic Oxygen Furnace (BOF), for every ton of crude steel, about 100-150 
kg of slag is generated in the form of waste[l]. Therefore, nearly 77.9-117 million tons BOF 
slag is being generated as a solid waste and this figure will increase in future years[2]. This is a 
huge figure so that researchers are looking for an efficient and environmental way to utilize BOF 
slag. At present, some of the slag is recycled to the blast furnace[3-5] while a significant portion 
is used in civil engineering application, such as cement and concrete[6-8], due to its superior skid 
and wear resistance[9]. However, the latter utilization of BOF slag has some restrictions in many 
regions owing to an undesirable expansion of the slag aggregate[10] leading to rapid 
deterioration of the roads. The volume expansion (up to 10%) is attributed to the short and long 
term hydration of the calcium and magnesium oxides content, especially free lime[10-14]. 

According to the composition of BOF slag, over half of it is made up of CaO and iron oxides, 
using this slag for land filling and road ballast does not justice to its potential value. Steel 
enterprises all the world face a same challenge in treating this under the prevailing environmental 
regulations. Therefore, researchers in different parts of world are looking for an efficient method 
to utilize BOF slag. 

Normally, CaO occurs in BOF slag as 2Ca0-Si02, 3Ca0-Si02 and low melting point minerals 
[15-17], Consequently, by the addition of certain percentage BOF slag is beneficial to form 
liquid phase, improve quality and strength of sinter ore and decease fuel consumption in 
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sintering proeess[18]. In addition, BOF slag can replace part of sintered flux to ensuring 
comprehensive utilization and recycling of resources. 

In the present study, to form more SFCA in BOF slag, the experiments of BOF slag from 
Chongqing Iron & Steel with high temperature roasting has been carried out and the phase 
transformation is investigated as part of a large project on the recycling of BOF waste slag. 
Results obtained from the present study provide some fundamental information for the utilization 
of BOF slag in the sintering process. 

Experimental 

An industrial sample of BOF slag, come from Chongqing Iron & Steel is used for the 
experiments. The quantitative analysis and the chemical composition of the BOF slag, as 
measured by using X-ray fluorescence spectrometer (XRF-1800, SHIMADZU, Japan), were 
summarized in Table I[ 19]. The contents of TFe, Fe2+, and Fe3+ in the BOF slag were also 
determined by chemical analysis. From Table l,CaO, MgO and Si02account for about two 
thirds of slag. And the phase identification of BOF slag was determined by X-ray diffraction as 
Fig.l. The main phase of slag were Ca2Si04, (Ca,Fe,Mg)3Si05, CaO, Ca2Fe205 and Fe304. 

Table I. Main composition of BOF slag, % 

Composition CaO MgO Si02 A1203 MnO TFe P S 

Content,wt% 40.21 8.19 14.69 2.40 2.54 18.44 0.75 0.13 

28,deg 

Fig.l. XRD pattern of the BOF slag. 

The BOF slag was ground into 200 mesh with mill machine and place it into oven at 120°C for 2 
hours. The thermal analysis (TA) measurements were carried out using a NETZSCH STA 449C 
TG-DSC instrument, at a heating rate of 10°Cmin to heat to 1350°C in air atmosphere. 
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Subsequently, the BOF slag of 20g was placed in an alumina plate and roasted in an electric 
muffle furnace with automatic temperature control and the roasting process is prohibited in the 
temperature range of 800~1000°C, the process was as follows: 1) heating the slag to roasting 
temperature at 0.5h, 2) keeping the roasting temperature for lh and stirring slag once, 3) Cooling 
with the furnace and taking it out when cooled to 150°C. 

The adding weight during roasting experiments was calculated by measuring the change in 
weight of the samples before and after the roasting process, and phase identification of samples 
was determined by X-ray diffraction (D/MAX 3C, RIGAKU company, Japan).In the end, The 
hemisphere method was adopted to measure the melting temperature, including softening 
temperature, hemisphere temperature and flow temperature of slag unroasted and roasted at 
1000 °C. 

Results and discussion 

Thermal analysis experiment 

Some changes in weight, thermal activities were observed during TA experiments.Fig.2 
represents a TG-DSC diagram obtained by heating BOF slag sample in air atmosphere. 

Fig.2. TG-DSC curve for BOF slag in air. 

The TG curve in Fig. 2 shows two distinct stages of mass loss at 200~420°C and 580~690°C, 
accompanied by endothermic reaction on the DSC curve. A gradual mass gain between 690°C to 
1060°C was also observed. The first stage is typical of dehydration of crystal water and the 
dehydroxylation of Mg(OFl)2.And the second stage is typical of the dehydroxylation of Ca(OH)2 

and the decomposition of CaC03, absorbing much heat, according to the following reactions: 
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Mg (OH)2 - Mg + H 2 0 

C a ( 0 H ) 2 - C a 0 + H 2 0 

CaC03 - CaO + C02 

(3.1) 

(3.2) 

(3.3) 

The main gain between 690°C to 1060°C is due to the oxidation of iron and iron oxidation in the 
sample, which can be verified by the subsequent detection of X-ray diffraction. Two small 
endothermic peak can be observed in Fig.2 thanks to generation of new phase, such as 
Ca2(Fe,Al,Mg,Si)05, Ca3(Al,Fe)(Si04)3, (Ca,Fe)(Al,Fe)(Si04)3 and Ca5Si2(FeAl)is036, which 
can be regarded as the different molecular formula of SFCA. In addition, from the tiny 
exothermic peak range from 840°C to 1310°C, it indicated that substitution reactions among 
cation in slag occurred, part of Fe3+ was replaced by Si4+,Mg2+ and Al3+ and crystal structure of 
compounds was changed[20]. 

Roasting experiments of BOF slag 

The weight change of BOF slag roasting at 800-1000°C was showed in Fig.3. It was clear that 
weight gain rate decreased when roasting temperature was 800°C.This is because the thermal 
decomposition of calcium carbonate produces calcium oxide and carbon dioxide and 
dehydroxylation of calcium hydroxide and magnesium hydroxide. And then, weight gain rate 
increased due to the oxidization of iron and iron oxidation with a rise of temperature in air 
atmosphere. By and large, following the increase of roasting temperature, the mass gain rate 
increases, implying more iron and iron oxidation are oxidized, and maintain a growing tendency, 
but mass gain tends to unchanged after 1000°C. The reaction was shown as following equations 
3.4-3.8: 

Fig.3. Weight change curve of roasting slag. 

M g ( 0 H ) 2 - M g + H 2 0 (3.4) 
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C a ( 0 H ) 2 - C a 0 + H 2 0 (3.5) 

CaC03 - C a O + C0 2 (3.6) 

2Fe +1 / 2 0 2 - Fe203 (3.7) 

2Fe304 +1/ 2 0 2 - 3 F e 2 0 3 (3.8) 

Fig.4 shows the XRD patterns of the three samples roasted in air under 800-1000°C. In this 
figure, it is obvious that the main phase of roasting slag range from 800°C to 1000°C are 
Ca2(Fe,Al,Mg,Si)05, Ca3(Al,Fe)(Si04)3, (Ca,Fe)(Al,Fe)(Si04)3, and Ca5Si2(FeAl)is036, which is 
considered of different forms of SFCA. The substitution reactions were further verified by 
foregoing phase of roasting slag. The ion replacement mechanism of SFCA can be understood as 
the following reactions: 

2(Fe 3 + ) - (Ca 2 + ,Fe 3 + )+Si 4 + (3.9) 

2 (Fe3+, Al3+ ) - (Ca2+, Fe2+ ) + Si4+ (3.10) 

2(Fe 3 + ,Al 3 + ) - (Ca 2 + ,Fe 2 + ,Mg 2 + ) + Si4+ (3.11) 

Fig.4. XRD patterns of the samples roasted in air. 

The slag unroasted and roasted at 1000°C was used to measure the melting temperature with 
hemisphere method, and the result in Table II showed that lowering of melting point through 
roasting the slag in the air was preferably well. When roasting the slag lh at 1000°C, the 
softening temperature of slag was decreased from 1350 °C to 1344 °C, hemisphere temperature 
from 1363°Cto 1358°C, and flow temperature from 1372 °C to 1356 °C. This should be 
attributed to the generation of SFCA after roasting. And it means that roasting the slag help 

537 



decrease the melting point of slag so that it can be reduce the consumption of power and energy 
and improve quality and strength of sinter ore if available in sintering process. 

Table II. Melting temperature of BOF slag 

BOF slag Unroasted slag, °C Roasted slag at 
1000°C,°C 

softening temperature 1350 1344 
hemisphere 1363 1358 temperature 1363 1358 

flow temperature 1372 1356 

Conclusions 

The feasibility of BOF slag into a useful sintered flux by roasting at high temperature has been 
demonstrated. 

(1) The BOF slag was roasted range from 800°C to 1000°C in air, mass gain increased with the 
increase of temperature due to more iron and iron oxidation were oxidized, and mass gain 
tended to unchanged after 1000°C. According to the XRD patterns of roasted slag, the phase 
of SFCA was observed. This means that roasting the BOF slag help the generation of SFCA. 

(2) The experience of measuring the melting temperature of BOF slag unroasted and roasted at 
high temperature with hemisphere method has been carried out. The result shown that 
roasting the BOF slag at high temperature facilitated to lower the melting temperature. 

(3) According to the present study, in the roasting slag at high temperature, the slag shows 
excellent phase composition and properties, observing the SFCA and lowering melting 
temperature of slag. The generation of SFCA is propitious to form more liquid phase easily, 
improve quality and strength of sinter ore in sintering process. And lowering the melting 
temperature of slag can decrease fuel consumption to save more energy during sintering 
process. Moreover, roasting slag can replace part of sintered flux to ensuring comprehensive 
utilization and recycling of resources. 
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Abstract 

This article carried out the experimental study on using desulfurization ash in steel 
slag composite material. This was done by investigating the desulfurization ash 
content in formula one and formula two samples on the influence of setting time and 
strength of mortar. Through this study the following conclusions were reached for 
formula one: (1) a setting time of more than 10 hours is required, (2) a dosage of 
desulfurization ash of 1 ~ 2% is optimal, where flexural strength is reduced by 10% ~ 
23% and compressive strength reduced by 5.7% ~ 16.4%. The conclusions of formula 
two were: (1) when the dosage of desulfurization ash is within 5%, the setting time is 
within 10 hours; (2) when the dosage of desulfurization ash is 1 — 2%, the flexural 
strength is increased by 5 ~ 7% and the compressive strength is reduced by 1 ~ 2%. 
The results show that the formula two is better. 

Introduction 

The sintering production in the traditional process generates a large volume of S02 

gas, which causes significant long-term pollution. This has lead to an increase in 
environmental production requirements which has increased interest in sintering flue 
gas desulfurization in the iron and steel industry. Semi-dry desulfurization technology 
with the advantages of less investment, less land occupation, no corrosion and no 
wastewater etc are welcomed by the user'1'. However, with the promotion of semi- dry 
flue gas desulfurization project, the amount of the by-product of desulfurization ash 
generated increasingly large. In Wuhan Iron and steel for example, NO.3 sintering 
plant using NFD semi dry technology, the annual production of desulfurization ash 
were 20,000-30,000 tons. NO.l and 2 sintering machine still use semi-dry method, 
when all the project put into operation, the annual desulfurization ash content will be 
100000 tons only produced by WISCO[2]. The understanding about desulfurization 
ash are still insufficient, therefore its resource utilization way is limited. A large 
number of stacked desulfurization ash can not handle, not only takes up the land but 
also caused serious pollution to the surrounding ecological environment. Steel slag 
composite material is composed of steel slag and compound slag powder, steel slag 

'^Corresponding author. 54310572@qq.com, Tel: +86 -18062693735 . 
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refers BOF slag by the selection of iron, distributed through 4.75mm square hole sieve 
natural gradation tailings; composite slag powder comprises two water gypsum, slag, 
the right amount of Portland cement clinker, regulator, etc[3l Desulfurization ash used 
on steel slag composite material, researching its influence on composite material 
properties, creating a new way for resource utilization of desulfurization ash. 

Experimental Materials and Methods 

Experimental Materials 

The experiment uses cement as Huaxin card 42.5 ordinary portland cement, gypsum 
plaster of Hubei Yingcheng, desulfurization ash as a by-product of Wuhan Steel 
semi-dry desulfurization process, ore powder as Huaxin brand superfine powder, slag 
as BOF slag selected iron rear tail slag, the experiment sand as the standard sand of 
Xiamen ISO standard sand factory, the material chemical composition shows in table 
1. 

Table 1 Analysis of chemical composition of raw materials % 

Si02 AI2O3 CaO MgO S Fe203 MnO 
burning 

loss 
Gypsum 1.08 0.72 41.21 1.85 17 0.054 / 5.29 

PI cement 21.02 5.16 63.96 1.61 0.98 2.80 / / 
Ore powder 34.16 15.13 40.43 8.09 / 0.28 0.26 / 

Slag141 10.54 1.99 39.79 9.77 0.068 10.59 1.42 3.86 
Desulfurization 

ash 
3.41 0.41 48.89 0.86 9.82 1.97 0.038 / 

The experimental method 

Cement, ore powder, gypsum and slag according to a certain ratio mixed of steel slag 
composite cementitious material, the desulfurization ash incorporated by volume 0%, 
1%, 2% and 5% of steel slag composite material powder. Through the development of 
steel slag composite material performance experiment, investigating impacts of the 
desulfurization ash content change on index time and Mechanical intensity of steel 
slag composite material. The test results are analyzed and discussed, through 
optimizing formulation, so as to find reasonable method for desulfurization ash used 
of steel slag composite material. 

Test method 

Mortar strength testing method according to GB/T17671-1999 standards, setting time 
testing method according to GB/T1346-2001. Test equipment: YAW-300C 
electro-hydraulic cement compressive and flexural testing machine, cement setting 
time analyzer, mortar mixers, paste mixers, mortar shaker, cement constant 
temperature and humidity curing box, etc. 
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Experiments and Result Analysis 

The effect of desulfurization ash dosage to the sample performance of slag composite 
material (formula one) 

Formula one the proportion of powder and aggregate in Steel slag composite material 
is 1:3, the ratio of slag and sand in aggregate is 1:1, desulfurization ash instead of ore 
powder quantity is 0%, 1%, 2% and 5%, the material amount according to table 2. 
According to the corresponding national standard, preparation of mortar and testing 
setting time, mechanical strength index. The ratio of raw materials and the test results 
are shown in Table 2. 

Table 2 The effect results of desulfurization ash dosage to the sample performance of slag 
composite material (formula one) 

Gyp 
3 days strength 28days strength setting 

Na Desulfiiriz Cem Pow 
Gyp 

/MPa /MPa time/min 
m 
e 

a 
tion ash% 

e 
nt% 

d 
er% 

s 
um 

OA 

Fie 
X 

Compr 
e 

flexura 
i 

Compr 
e 

Initia 
1 

Fina 
1 

/O 
ural ssive 

i 
ssive set set 

1# 0 24 70 6 9.03 37.48 14.46 55.28 294 770 
2# 1 24 69 6 8.01 33.99 13.06 52.14 310 987 
3# 2 24 68 6 6.98 31.82 12.27 51.90 312 1017 
4 # 5 24 65 6 5.48 25.35 10.85 49.42 315 1034 

Influence of setting time 

According to the results in Table 2, Respectively discuss the impact of desulfurization ash content 
to the sample setting time and mortar strength and other indicators. 

desulfurization ash content/% 

Figure 1 the influence of desulfurization ash content on steel slag composite material 
(formula one) setting time 

It can be seen from Figure 1, with the dosage of desulfurization ash increased, in 
formula one, initial setting and final setting time of the sample have different levels of 
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growth, initial setting time were 290~320mins, the final setting time were 
770~1040mins, desulphurization ash have a greater impact on the final setting time, 
but the change content has little effect on the setting time. Contains calcium sulfate 
and calcium sulfite in desulfurization ash, the function such as gypsum cases like, can 
be used as retarder, prolong the setting time of cement. Therefore, the incorporation of 
desulfurization ash makes the setting time of an sample extended to occur. In addition, 
in formula one, final setting time of each sample were more than lOhs, even 
desulfurization ash content of the sample is zero, the final setting time reaches to 
770mins, description the formulation of gypsum dosage used excessive or a relatively 
small amount of cement, because gypsum is used to adjust the setting time of cement. 
So the next step requires the formulation of a proportion of each material to be 
adjusted to control the setting time within the standard range. 

Influence of strength 

Fig.2 Effect of desulfurization ash content on flexural compressive strength of slag 
composite materials (formula one) 

As can be seen from Figure 2, with the improvement of desulfurization ash content, 
formula one each sample 3 days, 28 days flexural and compressive strength were 
apparent decline. Retarding mechanism of Gypsum for C e m e n t a r e considered, C3A 
contained in cement quickly dissolved in water, the rapid generation of calcium 
alumínate hydrate, so that the cement quickly condense, after adding gypsum, gypsum 
and C3A and Ca (OITh reacting and produced insoluble hydrated calcium aluminum 
sulfur in water that is ettringite, wrapped in C3A particle surface layer is formed, 
preventing further C3A hydration, so it play a decisive role in setting time will not 
C3A, while slower reaction C3S, its concentration increases, thereby delaying the 
setting time of cement. After desulfurization ash incorporation, in which calcium 
sulfate and calcium sulfite and cement C3A same reaction, and with the content of 
desulfurization ash increasing, the scope of this reaction is further increased, so that 
the retarding time gradually extended, while the incorporation of desulfurization ash 
affects hydration reaction of C3A in cement, and the greater desulfurization ash 
content, the less C3A hydration reaction to lower cement strength. 
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The effect of desulfurization ash dosage to the sample performance of slag composite 
material (formula two) 

As a result of desulfurization ash have a great influence on each performance index of 
mortar sample in formula one, adjusting distribution ratio of each group of formula 
one, forming formula two, it improves the cement content, while the same amount of 
gypsum, investigated the impact of desulfurization ash content on the performance of 
mortar sample in formula two. The ratio of raw materials and the test results are 
shown in Table 2. 

Table 3 The effect results of desulfurization ash dosage to the mortar sample 
performance of slag composite material (formula two) 

Or 
d 
er 

Desulfuriz Cem Pow 
d 

er% 

Gyp 
s 

3days strength 
/MPa 

28days 
strength 

/MPa 

setting 
time/min Or 

d 
er tion ash% nt% 

Pow 
d 

er% 
um 
% 

Flex 
u 

ral 

Compr 
e 

ssive 

Flex 
u 

ral 

Compr 
e 

ssive 

initia 
1 set 

fina 
1 set 

5# 0 44 50 6 7.84 32.99 
10.5 

8 
62.20 179 574 

6# 1 44 49 6 7.90 33.10 
11.4 

0 
60.99 183 580 

7# 2 44 48 6 7.23 32.19 
11.2 

3 
61.51 188 581 

8# 5 44 45 6 6.88 29.17 
10.9 

0 
60.92 179 574 

Influence of setting time 

For the results of Table 3, respectively discuss by mapping desulfurization ash content 
impact on setting time and mortar strength and other indicators. 

Figure 3 influence of desulfurization ash content on setting time 
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As can be seen from Figure 3, with the improvement of desulfurization ash content, 
the initial and final setting time appropriate to extend in formula two, the initial 
setting time were 170 ~ 190mins, final setting time were 570 ~ 590mins, this formula 
each sample were within the standard setting time range, the increase effect of 
desulfurization ash content on setting time is not obvious. Desulfurization ash content 
less, desulfurization ash contains calcium sulfate and calcium sulfite smaller, limited 
retarding effect on cement C3A, so at a certain content desulfurization ash will not 
have to produce greater impact on setting time of cement. 

Influence of strength 

Fig.4 Effect of desulfurization ash content on flexural compressive strength of slag 
composite materials (formula two) 

As can be seen from Figure 4, with the improvement of desulfurization ash content, 
the formula two each sample 3 days, 28 days flexural strength after the first increase 
and then decreased, while a slight decline in 3 days, 28 days compressive strength 
appears. Desulfurization ash have very fine particles, acts as a filler in cement 
hydration process, making cement hydration products more dense, so that the flexural 
strength of the sample is increased. However, desulfurization ash have a similar role 
as gypsum, can only play a part retarding effect, itself is not gelling, not like the 
cement hydration occurs the same, so after desulfurization ash incorporation, 
compressive strength decreased, and the greater the dosage, strength reduced more. 
The formulations suitable desulfurization ash content is 1 to 2%, the flexural strength 
of the sample increased by 5 to 7%, the compressive strength reduced by 1 to 2%. 

Conclusion 

In formula one, setting time of each sample were more than 10 hours, and the dosage 
of desulfurization ash is 1 to 2%, flexural strength decreased 10% to 22.7%, the 
compressive strength decreased 5.7% ~ 16.4%. In the optimized formula two, 
desulfurization ash content was less than 5%, the sample setting time were within 10 
hours, the sample flexural strength increased by 5 to 7%, the compressive strength 
reduced by 1 ~ 2%. 
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Abstract 

In this research, analytical reagents were used for the sintering experiments. And the sinters were 
using X-ray diffraction, scanning electron microscope and mineralogical microscope analysis to 
study the effect mechanism of manganese on the silico-ferrite of calcium and aluminum (SFCA) 
bonding phase formation during the sintering process. The results indicated that the increasing 
content of manganese would greatly reduce the content of SFCA, and promote the formation of 
calcium aluminum silicate and the amount of pores and cracks. The existence of manganese 
inhibited the silicon form into the SFCA and a great deal of Fe2C>3 was participated in the crystal 
transition to Fe3C>4. When the ratio of the added manganese was less than 3% in the mixing, the 
calcium ferrite was in substantially interleaving corrosion with hematite and magnetite. Both the 
porosity and silicate glass phase content were low simultaneously, which contributed to the 
sintering production. 

Introduction 

Iron ore sinter constitutes a major proportion of blast furnace burden in Chinese iron and steel 
corporations. Hence, the quality of the sinters plays an important role in the blast furnace 
production. The main mineral composition of the sinters is iron oxides, ferrites (mostly SFCA), 
silicates and vitric phases, etc. and the mineralogy of the sinter significantly depends on its 
chemistry and process factors. The SFCA is believed to be the best bonding phase due to its 
relatively high reducibility and sufficient mechanical strength. The amount and the pattern of the 
SFCA directly influence the sinters quality, so the proper amount and appropriate pattern of the 
SFCA in the iron ore sinter have a significant impact on the increasing of the blast furnace 
productivity and efficiency [1]. 
The manganese is an important resource used in the metallurgy industry, and it is mainly used as 
the deoxidization and desulfurization in the iron-making and steel-making process and producing 
the manganese alloy as well. In the former researches, the manganese ores was focused on the 
production of manganese alloy, and there is little study about the existence of manganese in the 
iron ores on the mineral composition of the iron ore sinters [2"3l Therefore, sintering 
experimental research is carried out whose analytical reagents are used by different ratio in the 
laboratory to analyze the existence of manganese on the effect of SFCA and other sinter mineral 
composition, getting the influence mechanism of different content of manganese on the 
morphology, quantity, structure of SFCA, magnetite and so on. And then the most appropriate 
ratio of iron ore containing manganese will be found. Thus the sintering burden cost will be 
greatly reduced and the economic benefits of iron and steel plant will be improved. 
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Experimental 

Materials 
The raw materials used in the experiment were all analytical reagents which contained Fe203 , 
CaO, Si02, A1203, MgO and Mn02 . The purity of them was all 99.9999%. There was manganese 
-free sample during the ingredient processing. The binary basicity and the weight of the 
reference sample were 4.0(R2=CaO/SiO2) and 15g respectively. There were also six samples 
which contained Mn02 in the ingredient processing, and the mass fraction of the nickel samples 
was 1%, 2%, 3%, 5%, 8% and 10%. The binary basicity of the six samples were all 
4.0(R2=CaO/SiO2) and the weight were all 15g. The starting chemical compositions of the 
powder mixture were listed in Table I. 

Table I Starting chemical compositions of the sinter samples (mass %) 
S a m p l e n u m b e r F e 2 0 3 C a O S i 0 2 A I 2 O 3 M g O M n 0 2 

Iff 6 6 2 4 6 2 2 0 
2 ft 6 5 2 4 6 2 2 1 
3ft 6 4 2 4 6 2 2 2 
4ft 6 3 2 4 6 2 2 3 
5 ft 6 1 2 4 6 2 2 5 
6ft 5 8 2 4 6 2 2 8 
1ft 5 6 2 4 6 2 2 10 

Methods and facilities 
The six kinds of analytical reagents which were used in the ingredient processing were weighed 
by an analytical balance according to the mass fraction shown in Table I. Then the reagents were 
mixed and ground for half an hour in the carnelian mortar to make the reagents mix well. The 
mixed sample was poured into the mold and agglomerated in a diameter of 15mm and 20mm 
high by a hydraulic jack. The pressure of the hydraulic jack was about 30MPa and the weight of 
each sample was 15g. 
The samples were placed in seven corundum crucibles (volume 15ml) and each crucible was 
marked. There was a piece of silicate aluminum refractory between the sample and the crucible 
which kept the sample from reacting with the crucible during the high temperature process. Then 
the seven corundum crucibles were placed in the muffle furnace and heated to 1280°C with a 
heating rate of 20°C /min, and the air was charged into the furnace and the oxygen partial 
pressure was kept at 5*102 Pa in the furnace. The samples were sintered at 1280°C for lOh. Then 
the sintered samples were quenched to room temperature with the N2 atmosphere protection and 
subsequently ground into fine powders (<0.074mm). The procedure would be repeated two times 
for homogenization, and half of the each sample was ground into fine powders at the third time 
[4-6] •pjlen g n e p0 W C j e r s Would be analyzed by X-ray diffraction analysis (XRD) to make a 
qualitative mineral composition analysis. The facility of X-ray diffraction was TTRIII 
multifunctional X-ray diffraction which used CuKa, scanning angle 10-80°, wavelength 
0.15406nm. The light sheet was made from the small remaining part of the sample, and it was 
analyzed by the reflective microscope. When the iron minerals region were detected, the light 
sheet was greased on the surface to get a better sintering mineral structure. The remaining part of 
the sample was made into polished section for scanning electron microscopy and spectroscopy 
detection. The FEI QUANTA250 environment scanning microscopy was used in this detecting. 
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Results and discussion 

XRD analysis 
Figure 1 shows the XRD result of the seven sintered samples. It can be seen that the existence of 
manganese has a little effect on the diffraction. The three sintered samples including 4#, 5# and 
6# have some new characteristic peaks different from the others. 

Figure 1. X-ray diffraction patterns of 7 sinter samples 
1 -SFCAM, 2-Silicates, 3-Manganese ox ides (Mn0 2 a n d M n 3 0 4 ) . 

As shown in Figure 1, the characteristic peaks of silicates is more obvious than that of the silico-
ferrite of calcium aluminum and magnesium (SFCAM) in W sintered sample. The SFCAM 
characteristic peaks are easily to be recognized with the increasing of manganese while the 
intensity of the characteristic peaks are all weak. The position and intensity of manganese oxide 
characteristic peaks are fixed and constant in seven sintered samples. 

Mineralogy analysis 
Depending on the different gray colors which the different sintering mineral structures shown 
under the reflective microscope, their composition and structural characteristics would be 
distinguished. 
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Figure 2. Phase morphology of 3# sample 
1 -SFCAM, 2-Hematite, 3-Magnetite, 4-Silicates and glassy. 

As is shown in Figure 2, a great deal of corroded iron-rich SFCAM is distributed, and the 
offwhite and gray are the hematite concentration and the magnetite region respectively. The 
calcium aluminum silicates and glassy phase was irregular and distributed in the SFCAM. 

Figure 3. Phase morphology of 5# sample 
1 -SFCAM, 2-Hematite, 3-Magnetite, 4-Silicates and glassy 

As shown in Figure 3, the small block hematite and magnetite were distributed together and the 
amount of magnetite increased obviously. There is little SFCAM material and the lath calcium 
aluminum silicates with the small block shape was distributed together. There existed some 
glassy phase as well. 

Figure 4. Phase morphology of 6# sample 
1 -SFCAM, 2-Hematite, 3-Magnetite, 4-Silicates and glassy, 5-Pore 

It can be seen from the Figure 4 that most of the unreacted hematite accumulated and distributed 
together, and amount of lath calcium aluminum silicates increased as well as the pores. 
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Morphology analysis 
The sintered samples were analyzed in terms of composition, structure, crystal shape and 
porosity by the scanning electron microscope. 

Figure 5. Surface morphology back-scattered image of 3# sample: Hematite-offwhite, SFCAM-gray, Silicates, Holes-black 

As shown in Figure 5(a), the main morphology was the block hematite and the pitting like 
SFCAM was distributed together in some part of the image. The silicates distributed around the 
irregular pores. It can be seen from the Figure 5(b) that the needle fibrous calcium ferrites 
densely distributed and the irregular silicates was distributed together with the skeletal shape. 

Figure 6. Surface morphology back-scattered image of 7# sample: Hematite-offwhite, SFCAM-light gray, Silicates-dark gray, 

Poles-black 

As shown in Figure 6(a), the corroded SFCAM was densely distributed in some parts and the 
amount of that reduced greatly. There existed much larger pores and the ratio of the pores 
increased sharply. A great deal of lath silicates distributed in the Figure 6(b) with some portion 
of SFCAM and some irregular pores in it [7"9l 
Table 2 shows the EDS analysis results of the SFCAM region composition of seven sinter samples. 
The chemical expression of SFCAM calculated by atom number is shown in Table 3. 

Table II SFCAM regron com position of seven sinter samples (At %) 

Element 1# 2# 3# 4# 5# 6# 7# 

Fe 35.56 36.79 35.31 37.01 34.06 32.89 35.53 
Ca 8.80 8.41 9.51 7.55 7.87 7.92 8.84 
St 1.69 1.55 1.87 1.18 1.18 1.01 -

A1 6.87 6.34 7.37 6.86 6.62 6.42 2.21 
Mg 2.97 2.41 2.14 3.88 2.48 2.10 2.84 
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Table III SFCAM or SFCA chemical expression of seven sinter samples 
Sample number Chemical expression of SFCAM or SFCA 

1# 5.2Fe2O3-2.6CaO-0.5StO2-Al2O3-0.9MgO 
2# 5.8Fe203-2.7CaO0.5Sr02-Al203-0.8Mg0 
3# 4.8Fe203-2.6CaO-0.5Si02-Al203-0.6MgC) 
4# 5.4Fe2O3-2.2CaO-0.3SiO2-Al2O3T.lMgO 
5# 5.2Fe2O3-2.4CaO-0.4SiO2-Al2O3-0.8MgO 
6# 5.1Fe2O3-2.5CaO-0.3SiO2-Al2O3-0.7MgO 
7# 16.1 F e f t • 8CaO • A1203 • 2.6MgO 

Effect mechanism of manganese on the sintered samples 
The effect mechanism of manganese on the sintered samples is analyzed according to the results 
of XRD, microscope and SEM. 
(1) The Fe304 generation of the reference sample which is sintered without manganese has been 
detected by the XRD analysis. It shows that Fe203 transforms to Fe304 at the reaction 
temperature of 1280°C. There is a large amount of Fe304 formation due to the increasing of 
manganese and most of the manganese distributed in the SFCAM, which indicates that the 
manganese reduce the transformation temperature and increase the amount of the transformation. 
(2) With the increasing manganese participates in the solid solution of SFCAM, the content of 
silicon and magnesium in the SFCAM decreases sharply, which makes the chemical expression 
of SFCAM mostly exists as the FCAM and FCA. 
(3) The manganese inhibited the solid solution of silicon, and most of the silicon participates in 
the formation of the calcium aluminum silicates materials. With the increasing of manganese, 
both calcium aluminum silicates and vitric phase increase and distribute together. The calcium 
aluminum silicates exist as the columnar shape and the vitric phase exists with the penetrating 
cracks, which influences the cold strength of the sinters heavily. 

Conclusions 

(1) The amount of calcium ferrite decreased sharply with the increase of manganese; in contrast, 
the amount of calcium aluminum silicate and the pores as well as cracks increased which 
deteriorated the cold strength of the sinters. 
(2) The manganese inhibited the solid solution of silicon, while promoted the transformation of 
Fe203 to Fe304. The existence of SFCA or SFCAM was the same in different sintered samples 
with the chemical expression of FCAM. 
(3) When the ratio of the added manganese was less than 3% in the mixture, the calcium ferrite 
was in substantially interleaving corrosion with hematite and magnetite. Both the porosity and 
silicate glass phase content were low simultaneously, which contributed to the sintering 
production. 
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Abstract 

Synthetic fiber has been gradually replaced by natural fiber, such as lignocellulosic fiber. In 
comparison with synthetic fiber, natural fiber has shown economic and environmental 
advantages. The natural fiber presents interfacial characteristics with polymeric matrices that 
favor a high impact energy absorption by the composite structure. However, until now little 
has been evaluated about the hemp fiber incorporated in polymeric matrices. This study has 
the purpose of evaluate the impact resistance of this kind of epoxy matrix composite 
reinforced with different percentages of hemp fibers. The impact resistance has substantially 
increased the relative amount of hemp fiber incorporated as reinforcement in the composite. 
This performance was associated with the difficulty of rupture imposed by the fibers resulting 
from the interaction of hemp fiber / epoxy matrix that helps absorb the impact energy. 

Introduction 

Natural fibers are steadily substituting synthetic fibers, particularly the common glass fiber, as 
the reinforced phase of polymeric composites in many engineering applications such as 
automobile interior components, cyclist helmets, housing panels and windmill fins'-1"4-1. The 
lignocellulosic fibers obtained from vegetables offer societal, economical, environmental and 
technical benefits1-5'6-1 in comparison to the glass fiber as composite reinforcement. In 
particular, the impact resistance of a naturally flexible lignocellulosic fiber is a technical 
advantage over the brittle glass fiber in a situation of a crash event. This is the case of 
automobile parts such as the head-rest and the interior front panel that should not have a 
brittle rupture during an accident. In fact, the parts should be soft and able to absorb the 
impact energy without splitting in sharp pieces, to avoid injuring the passengers 
Lignocellulosic fibers such as coir, flax, jute, ramie, curaua and sisal are currently being used 
in automobile composite parts that require both strength and toughness (4-1. The hemp fiber, 
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although strong and flexible ^ has not yet been applied in composites for automobile 
components. Actually, the fibers obtained from the petiole of the hemp palm tree commonly 
used to fabricate ropes and baskets owing to its high strength. This has motivated the study of 
the mechanical characteristic of the fibers. 
In spite of existing works on the properties of hemp fiber composites'-8"9-1, the impact 
resistance of continuous and aligned fiber reinforcing polymeric composites has yet to be 
evaluated. Therefore, the objective of the present work was to access the toughness through 
the energy absorbed by notched Izod impact specimens of epoxy composites reinforced with 
different amounts of continuous hemp fibers. 

Materials and Methods 

The material used in this work was untreated hemp fiber extracted from the stem hemp plant 
and epoxy resin. Statistical analysis were performed on one hundred fibers randomly removed 
from the as-received the lot. Figure 1 shows the histogram for the distribution of hemp fiber 
diameters by considering 6 diameter intervals. From this distribution, presented elsewhere an 
average diameter of 0.065mm was found for the as-received lot. 

Figure 1. Distribution histogram for six diameter intervals. 

Several other hemp fibers were cleaned in water and dried at 60°C in a stove to be used as 
composite reinforcement. Continuous and aligned fibers were laid down, in separate amounts 
of 10, 20, and 30 % vol, mixed with still fluid unsaturated epoxy resin, in a mold made of 
steel with 152 x 125 mm and 10 mm of thickness. Epoxy resin type commercial diglycidyl 
ether of bisphenol A (DGEBA) cured with triethylene tetramine (TETA) in stoichiometric 
proportion of 13 parts of hardener to 100 parts of still liquid resin was poured into the hemp 
fibers in the mold. A 24 hours cure at room temperature was allowed for these composite 
samples. After unmolded, the samples were cut following the ASTM D256 standard. Ten 
specimens for each percentage of hemp fiber composite were impact tested in a PANTEC 
pendulum, Fig. 2, set in the Izod configuration. 
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Figure 2: Pantec impact pendulum. 

Results and Discussion 

Figure 3 shows the macro structural appearance of broken specimens with different amounts 
of hemp fibers, from 0 to 30% in volume. In this figure, it is important to note that only the 
pure epoxy specimen was completely separated in two parts. For the composite specimens, 
the impact failed to separate the sample in two parts. This indicates that the epoxy matrix 
without the addition of hemp fiber is brittle and the impact-generated crack propagates 
without being arrested until the specimen separates. However, for any proportion of hemp 
fiber the initial propagating crack is blocked and the rupture migrates to the fiber/matrix 
interface. The specimen then bends upon impact of the hammer, but does not separate due to 
the flexibility of the fibers that are not broken. 

There are important factors related to the impact fracture characteristic of polymeric 
reinforced with long and aligned natural fibers. The relatively low interface strength between 
a hydrophilic natural fiber and a hydrophobic polymeric matrix contributes to an ineffective 
load transfer from the matrix to a longer fiber. This results not only in a relatively greater 
fracture surface but also a higher impact energy needed for the rupture. The impact energy 
obtained in the Izod impact tests of epoxy matrix composites reinforced with different volume 
fractions of fibers hemp are shown in Table 1. 

Table 1 - Izod Impact energy for epoxy matrix composites reinforced with hemp fibers. 

Fiber Content (%) Impact Energy (J/m) 
0 2.30+0.55 
10 1.97+0.29 
20 2.56+0.37 
30 4.00+0.51 

From the data in Table 1, the graph of the energy absorbed in the Izod impact vs. the 
corresponding volume fraction of hemp fibers in the epoxy matrix was plotted, as shown in 
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Figure 3: Variation of the Izod impact energy with the amount of fiber in the composites. 

Other lignocellulosic fibers present the same behavior1-4-1, which is due to the heterogeneous 
nature of these fibers, causing substantial dispersion in the composites properties. Even 
considering the error bars, it is possible to interpret the increase of impact energy, as 
following a linear relationship. 
Indeed, for most lignocellulosic fibers, the increase in the Izod impact energy is directly 
related to the increase in the fiber volume fraction1-9-1. 
The fact that hemp fibers remain unbroken after the impact, as shown for the composites in 
Fig. 4, is an indication that cracks had propagated along the fiber/matrix interface causing the 
fiber separation from the epoxy but not the fiber rupture. This effect increases the cracks 
trajectory through the composite, creating a greater impact energy. Similar behavior was also 
observed in the pullout tests'-10-1. Thus, the composites absorb relatively larger amounts of 
energy, leading to an increase in the impact resistance. 
Figure 4 shows the typical fracture surface of a 30% hemp fiber composite caused by an Izod 
impact test. With low magnification, Fig 4(a), the surface region where the fibers are bending, 
instead of breaking, can be observed. With higher magnification, Fig 4(b), one sees the 
interface fiber/matrix where a crack is propagating. The crack "river pattern" is observed at 
the left side of Fig. 4(b). 
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Figure 4: SEM micrograph of the fracture for a 30% hemp composite, (a) 30 x; (b) 1600 x. 

Figure 4 (b) also shows a detail of the interface between the epoxy matrix and a hemp fiber, 
especially signs of adhesion between them. Some cracks may be observed, however, 
propagating through the fiber/matrix interface. This behavior confirms the mechanism of 
rupture between the hemp fiber and epoxy matrix associated with low interfacial resistance, 
resulting in greater impact energy. 

Conclusions 

Although we observed behavior small decrease in impact resistance of the reinforced 
composite fiber with 10% compared to the pure epoxy matrix with larger percentages of 
fibers increased the strength of the composite. The fibers may have acted as impurities, stress 
concentrators and caused a small fragilization in the matrix. 
There is a significant increase in energy absorbed in Izod impact tests with the incorporation 
of hemp fibers in an epoxy matrix composite. 
The weak interface between the hemp fibers and the epoxy matrix contributes greatly to 
increase the impact energy by changing the cracks trajectory in the composite. 
Most of this increase in toughness is apparently due to the low hemp fiber/epoxy matrix 
interfacial shear stress. This results in a higher absorbed energy as a consequence of a 
longitudinal propagation of the cracks throughout the interface, which generates larger rupture 
areas, as compared to a transversal fracture. 
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Abstract 

Zinc recovery from zinc oxide flue dust (ZOFD) by ultrasound enhanced neutral 
leaching process was investigated. In this study, the effects of leaching temperature, 
liquid/solid ratio, leaching time and ultrasound power were studied, and the 
conventional leaching experiments were also performed. The experimental results 
showed that the leaching time was greatly shortened and the leaching rate of zinc was 
effectively improved by the assistance of ultrasound. The optimum conditions of 
ultrasound-assisted leaching were determined as leaching time 20 min, temperature 
35°C, and the liquid/solid ratio of 5. Under these conditions, the leaching rate of zinc 
was close to 80% as the ultrasound power of 540W, which was increased by 7% or so, 
in comparison with that of conventional leaching process. 

Introduction 

As an important base metal, zinc has been widely used in many walks such as 
metallurgical, construction, marine, chemical and textile industries [1, 2], It is 
primarily produced from sulphidic concentrates, while some from oxide-carbonate 
concentrates [1-3], With the continuous exploitation of minerals, the secondary 
sources has been playing more and more important roles in recovering zinc as raw 
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materials, such as zinc ash, zinc dross, flue dust and leach residues, etc [1,4-8], 

Zinc oxide flue dust (ZOFD) is one of important secondary sources, which is mainly 
collected from zinc and lead smelting, copper smelting, galvanized steel scrap, steel 
dust, etc. Considering the hydrometallurgical processing for the dusts, several 
hydrometallurgical treatments for the recovery of zinc and other metals from these 
zinc-bearing wastes have been proposed [9-14], In the process of leaching, sulphuric 
acid or spent electrolyte is usually used as lixiviant for the dissolution of zinc. 
Whereas, in order to extract zinc from the solution more profitably, other impurities 
such as iron, arsenic are not expected to be dissolved or most of them can be 
reprecipitated from solution using neutralizing hydrolysis method. Both of the 
demands can be met by the neutral leaching process. Thus, the neutral leaching 
process was usually taken as the first leaching process by most industries. In the 
existing studies conducted on the neutral leaching of ZOFD, some disadvantages such 
as long time or high temperature were presented, and the leaching result was not ideal. 
For example, the raw material related in this paper was subjected to conventional 
method in plant, and the leaching rate of zinc is only approximately 70%. Thus, it is 
necessary to develop some new technologies to augment the neutral leaching process. 

Ultrasound has been applied into leaching yield due to the induced cavitation. This 
effect was performed as the creation, growth and subsequent destruction of cavitation 
bubbles. In this process, with the collapse of these bubbles, tremendous energy was 
produced for chemical and mechanical effects, results in a mass transfer increase and 
activation of the reaction surface, increasing the diffusion speed and accelerating the 
leaching. Hurjit et al. [15] reported ultrasound had a positive contribution on zinc 
leaching from smithsonite ore with gluconic acid being the leaching agent. Avvaru et 
al. [16] studied the mechanism of uranium leaching by nitric acid and sulfuric acid in 
the present and absence of ultrasound, the results indicated that ultrasound had a 
significant enhancement in the leaching rate of uranium. Swamy and Narayana [17] 
applied dual frequency ultrasound to intensify the leaching process of copper recovery 
from oxide ores, and the results showed a shorter process time and less reagent 
consumption as compared to conventional agitation method. Be§e Ay§e Vildan [18] 
reported ultrasound could increase the dissolution of Cu, Zn, Co and Fe in the slag by 
8.87%, 3.04%, 5.35%,and 1.57%, respectively. An overall increased effectiveness of 
ultrasound-assisted leaching can be inferred in comparison with the conventional 
leaching process. It is the purpose of this study to develop the neutral leaching process 
by ultrasound. 

Materials and Methods 

Materials and Reagents 

Both of the material, zinc oxide flue dust and the leaching agent, raffinate were 
obtained from the same zinc plant which is located in Yunnan, southwest China, the 
rest reagents used to adjust the pH value were of analytical reagent-grade. 

The chemical compositions of the sample are shown in Table I . The X-ray diffraction 
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(XRD) phase analysis results of the sample which determine the mineralogical 
composition is shown in Figure 1. XRD analysis shows that the ZnO and ZnFe2C>4and 
Si02 are the major components in the sample. 

Table I . The main chemical compositions of the zinc oxide flue dust 

Elements Zn Fe Pb Si02 In Cr Ca 
Weight,% 34.79 12.29 10.06 5.02 0.045 0.013 1.272 

Figure 1. XRD patterns of zinc oxide flue dusts 

Leaching Procedure 

The main reaction can be described as follows, 

Zn0+H2S04=ZnS04+H20 (1) 

The leaching experiments were carried out in a glass beaker of 1000 ml, immersed in 
a water thermostat to keep the temperature, the temperature could be controlled within 
± 1 °C. The ultrasonic transducer was inserted into the solution and connected to an 
ultrasonic generator which generates ultrasonic waves with a frequency of 20 kHz. 
The raffinate was used to prepare the desired leaching solutions in the glass beaker. 
The dependent variables were varied in the range: the leaching temperature 
(30°C-65°C), the liquid/solid ratio (3-6), the leaching time (20min-90min) and the 
ultrasound power (180W-1440W). In each of the experiments, the slurry was filtered 
immediately after the reaction time was reached, the residue was washed with 
appropriate deionized water and then dried for characterization. The zinc and iron 
contents of residue sample were estimated by chemical titration, and the experimental 
variations were less than ±2%. The scanning electron microscopy (SEM) was carried 
out to analyze the mineralogical morphology. 

Results and Discussion 

The ultrasound-assisted leaching experiments were first carried out, then the 
conventional leaching experiments were performed for comparison. 

Effect of Temperature on Ultrasound-assisted Leaching 

The experiments were carried out with the temperature of 30°C, 35°C, 40°C, 50°C, 
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60°C and 65°C, the liquid/solid ratio of 5, the leaching time of 90 min and the 
ultrasound power of 540W. The results are shown in Figure 2. It can be seen that the 
leaching rate of zinc is nearly independent of the temperature when the temperature is 
from 35 °C to 65 °C, while the leaching recovery of iron increases by 2%, as high iron 
content in solution is quite unfavorable to the subsequent iron removal process, it is 
better to keep a low leaching rate of iron. In addition, with the temperature increasing, 
the energy consumption and production cost increase. The leaching rate of zinc is 
79.45% and iron of 5.18% with temperature of 35°C. 

Figure 2. Effect of temperature on ultrasound-assisted leaching 

Effect of Liquid/Solid Ratio on Ultrasound-assisted Leaching 

The influence of liquid/solid ratio on zinc leaching rate was studied in the range of 3 
to 7, the temperature of 35°C, the leaching time of 90 min and the ultrasound power of 
540W. According to Figure 3. the leaching rate increases with increasing of 
liquid/solid ratio until 5, but only slightly increase with further increase in liquid/solid 
ratio, which is attributed to the fact that increasing liquid content will reduce the 
viscosity of slurry and then facilitate the diffusional mass transfer process, 
contributing to the improvement of leaching rate. The leaching rate of zinc is 79.46% 
and iron of 5.12% with liquid/solid ratio of 5. 

Figure 3. Effect of liquid/solid ratio on ultrasound-assisted leaching 
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Effect of Time on Ultrasound-assisted Leaching 

The experiments were carried out with the time of 10 min, 20 min, 40 min, 60 min, 75 
min and 90 min, the leaching temperature of 35°C, the liquid/solid ratio of 5 and the 
ultrasound power of 540W. The results are shown in Figure 4. It can be seen that the 
increasing reaction time is effective in increasing leaching rate until 60 min, which is 
attributed to the fact that diffluent zinc is constantly dissolving by acid with the 
increase of reaction. The leaching rate of zinc is 78.05% and iron of 4.47% with time 
of 20 min. 

Figure 4. Effect of time on ultrasound-assisted leaching 

Effect of Ultrasonic Power 

The effect of ultrasonic power on leaching rate was investigated at the ultrasonic 
power of 180W, 360W, 540W, 720W, 1080W and 1440W, the temperature of 35°C, 
the liquid/solid ratio of 5, and the leaching time of 20 min. According to Figure 5, as 
the ultrasonic power increases, the leaching rate increases initially, after the ultrasonic 
power reaches 540W there is no significant changes of the leaching rate. The leaching 
rate of zinc is 78.11% and iron of4.49% with ultrasonic power of 540W. 

Figure 5. Effect of ultrasonic power on ultrasound-assisted leaching 

Comparison of Ultrasound-assisted Leaching and Conventional Leaching 
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In order to study the different effects of ultrasound-assisted leaching and conventional 
leaching, the experiments were carried out in a lOOOmL beaker. The conditions of 
ultrasound-assisted leaching were the same as those of the experiments of varied 
reaction time ultrasound-assisted leaching process. The results are shown in Figure 6. 
The results demonstrate that the ultrasound-assisted leaching has more obvious 
influence on the extraction of zinc than conventional leaching. Furthermore, Figure 6 
shows that the maximum leaching rate of 79.46 of zinc with ultrasound, which is 
increased by 6.43%, in comparison with that without ultrasound when the temperature 
is 35°C and the liquid/solid ratio is 5. These results indicate that the ultrasound can 
strengthen the zinc extraction from zinc oxide flue dust. 

Figure 6. Effect of different leaching process on zinc recovery 

Morphology of the Residues 

Figure 7 and Figure 8 show the SEM images of zinc oxide flue dust and the leached 
residue sample, respectively. According to Figure 7, it can be observed that zinc oxide 
flue dust presents a rough surface, different shapes and sizes, and it is obvious that the 
particles agglomeration is common. In addition, insoluble substances are bonded on 
the surface of zinc particles, render the process diffusion controlled through insoluble 
substance layer. 

As shown in Figure 8, The surface coatings of the residue sample become less after 
leaching by ultrasound, particles are more dispersive. The phenomenon can be 
explained by the act of a powerful impulse wave, which can peel off particle coatings 
from raw material into the liquid phase and then soluble ZnO can react with acid more 
easily and adequately. This implies that ultrasound are quite efficiently to strengthen 
the mass transfer process. 
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Figure 7. SEM micrograph of zinc flue oxide dust 

Figure 8. SEM micrograph of leached residue 

Conclusions 

1) Using ultrasound can effectively recover zinc from zinc oxide flue dust (ZOFD) 
during the neutral leaching process. 

2) In comparison to conventional leaching, the leaching time can greatly shortened 
and the leaching rate of zinc can be effectively improved by the assistance of 
ultrasound. 

3) The optimum conditions of ultrasound-assisted leaching are determined as 
leaching time 20 min, temperature 35°C, and the liquid/solid ratio of 5, the leaching 
rate of zinc is close to 80% as the ultrasound power of 540W, which is increased by 
7% or so, in comparison with that of conventional leaching process. 
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Abstract 

The NiTi thin films were deposited onto copper substrates by magnetron sputtering. 
Tensile tests were carried out on CSS-44100 electron universal test-machine. X-ray 
diffraction profile Fourier analysis method has been used to study the mechanical properties 
of deformation NiTi thin films. The surface micrographs of the NiTi thin film were obtained 
using scanning electron microscopy (SEM). It has been found that the dislocation density and 
the deformation storage energy density increased with elongation increased. Microhardness 
was calculated from the dislocation data. The results showed that the microhardness values 
were not in a good agreement between calculated values and measured values. The oxide 
layer on the surface of NiTi thin film affects the measured values of microhardness. The 
Vickers hardness measured values are larger than the calculated values. The experimental 
results showed that a series of parallel cracks grew in a concerted fashion across the thin film 
and the cracks were equally spaced. 

Introduction 

Ti-Ni thin films have attracted much attention as intelligent and functional materials for 
the fabrication of micro-electro-mechanical systems (MEMS) microactuators[l-3]. However, 
in order to achieve the effective development and a comprehensive understanding of shape 
memory thin films, the study of mechanical properties of sputter-deposited thin films is 
necessary. Tensile tests have been reported[4,5], but the deformations reported in these 
articles are only related to the study of stress-induced martensitic transformation. So far, the 
work of relating the dislocation density and the Vickers microhardness values to the strain in 
the film has not been reported. The microhardness values of coating materials can be obtained 
mainly from indentation, which is a well-known and reliable method. However, the measured 
value of hardness is influenced by the substrate materials and the surface oxidation. 
According to the definition of the material's hardness, it is plausible to relate the hardness of 
a material to the plastic flow stress. Therefore, the hardness can be deduced directly from the 
crystal defects. Wang et al. first adopted the X-ray diffraction profile analysis method to 
evaluate the hardness of coatings directly from the dislocation density and dislocation 

^Corresponding author. Tel: +86 0431 85168444, E-mail address: mfl@ilu.edu.cn . 
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distribution[6]. In the present study, using the same methods we have investigated the change 
of the dislocation density and the Vickers microhardness values during tensiling 

Experimental 

The NiTi thin films were deposited onto Cu substrates by magnetron sputtering. The 
copper substrates were pre-punched into dog-bone specimens with 4.5mmx30mm(gauge 
portion) x35pm(thickness). The sputtering conditions were as follows: argon pressure, 4xl0"2 

Pa; sputtering power, 640 W; deposition rate, 95 nm/min; substrate-to-target distance, 65 mm. 
The substrate temperature was about 673K. The NiTi films thickness was about 20pm. The 
films composition determined by energy dispersive X-ray spectroscopy is about 
Ti-51.45at.%Ni. The as-deposited films were first solution treated at 1073K for lh, and then 
aged at 773K for 30min in a vacuum furnace. Tensile tests were carried out on CSS-44100 
electron universal testing machine at ambient temperature. The strain rate was l.lxlO"4 s"1. 
The stress-strain curve of the free-standing film was obtained from the experimental curve of 
copper substrate together with the thin film adhesive to the substrate compared with the curve 
of copper substrate without film. X-ray diffraction was carried out using a Rigaku 12 kW 
rotating and a graphite monochromator. The strong diffraction line profiles from NiTi B2(110) 
and (220) were recorded respectively and are shown in Fig.l by step scanning with 2 0 , steps 
of 0.02°. The average crack spacing of the NiTi thin film was measured using scanning 
electron microscopy (SEM). The Vickers microhardness values were determined by Everone 
MH-6 microhardness tests. 

B2(110) 

48 

92 93 94 95 

2 0 ( d e g r e e s ) 

Fig.l. The X-ray diffraction line profile ofNiTi thin film (a) (110) and (b) (220) 
planes. 

^Corresponding author. Tel: +86 0431 85168444, E-mail address: mfl@ilu.edu.cn . 
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Results and discussion 

We let h(x) be the measured profile of (hkl) diffraction of the sample, and g(x) the 
measured profile from a standard annealed sample as the instrument broadening profile. The 
physical broadening prof i le / (x) can be obtained by Fourier deconvolution method given by 
Stokes[7] 

Kx) = [j(x)g(x-y)dy. (1) 

Each profile was divided into 60 parts for calculating the Fourier transform coefficients. In 
the physical broadening profile 

= (2) 
» 60 60 

Bn, being much smaller than An, may be neglected, while An is normalized to A0 = 1. It should 
be pointed out that^4n = A(L), wereL = lt,t = 0,1,2,3..., I is the reflection order. According to 
the Warren-Averbach method[8], assuming 

(3) 

Where At (L) is the Fourier coefficient of the diffraction profile; Af (L) and Ap (L), the 

strain broadening and the size broadening coefficient respectively and I the reflection order, 

AP(L) being independent of I. There is only one strong diffraction profile which can be 

precisely measured. Based on the theory[9,10] 

(4) 

AP{L) = a - — 
D ' 

AL )2L2], 

where a is the hook coefficient, D is the coherent domain size, fSc and /¡g are the integral width 

of Cauchy and Gaussian functions, respectively. From a series of AP(L) values for a single 

profile, one can obtain a ,D,fSc and /¡g using the least-squares fitting procedure. Finally, the 

apparent dislocation density p* and the apparent dislocation distribution parameter M* 

can be deduced. According to the model of dislocation configuration, k = Pg ) being 

the relative value of dislocations arranged in dipoles ( pd ) and in pile-ups ( p ). All 

^Corresponding author. Tel: +86 0431 85168444, E-mail address: mfl@ilu.edu.cn . 
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dislocations can be divided into two parts specified by pd and p , the dislocation densities in 

dipoles and pile-ups respectively. Therefore 

P c < x J p i , P t < * 4 p i - (5) 

In order to find the average dislocation density p and the average dislocation distribution 

parameter M in terms of the measured /¡c and /?g, one must establish the dependence of the 

root mean square strain (s2^ on p and M . Wang et al. [9] ingeniously utilized first a 

set of experimental curves to determine the characteristic values p* and M * on the basis 

of Wilkens'study for single crystals[ll]. The average p and M are obtained used a 

formula. The formula depends on the diffraction vector g(hkl) and Poisson's ratio u for a 

particular structure. 

Wang et al. introduced a conception called the average elastic stored energy per unit 

volume, l ^ j (J/m3). can be regarded as the internal average microstress and may be 

calculated by a formula[12]: 

d ) = A G b p \ n ^ L , (6) 
V bjp 

where b is the Burger's vector. G is the shear modulus, A = \! Ak for screw dislocation, 

A = 1/[4TT(1 - D)] for edge dislocation and u is Poisson's ratio. 

The characterization of material properties is carried out when the materials have 
different intrinsic microscopic objects, such as electron structure, atom distribution, point 
defect constituents, dislocation configuration etc., by macro-, micro- and mesoscopic 
approaches[13]. The mechanical properties of metals and alloys should be determined 
primarily by dislocation structure among these objects. The Vickers hardness values are 

Hr(MPa) = ^" ' ^ [ ^ ( z 7 ) ' 2 +(bdy112 +0.081/2 ID] 
r 3.27 x 8^(1 - u) 

Where d is the grain size, D is the subgrain size, and n(n<l) is the index of work hardening. 

For NiTi alloy, n=0.2, u = 0.28, G = 2.7 x 10"MPa, b = 0.2596 nm[14]. The grain size was 

estimated to be 1.5pm from the microstructures of the thin film after heat treatment [15], 

^Corresponding author. Tel: +86 0431 85168444, E-mail address: mfl@ilu.edu.cn . 
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and Hv can be determined from Eq. 6 and7, respectively. The dislocation parameters 

and the calculated valves (—) and Hv are listed in Table E 

Table 1 Dislocation structure parameters and the calculated valves of NiTi thin films 
* Calculate Measure 

Strai D P M" P M w d values d values 
n 
(%) 

(nni) (10 ucm 
"2) 

(10ucm 
"2) 

(10 sJ-m-3) H 
H v (MPa 

) 

^ r (MPa 

) 
0 41.0 1.424 1.052 3.875 1.030 3.780 229 1250 
4.80 39.9 3.073 1.358 8.363 1.330 7.941 337 1353 
6.78 31.1 3.757 1.977 10.369 1.937 10.405 483 1640 
8.21 24.9 5.920 3.381 16.339 3.313 17.413 912 2302 

26 (degree) 

Fig.2. The XRD profiles of NiTi thin film after thermal treatment during tension: (a)e = 0, 
(b)e =4.8%, (c)e = 6.8%, (d)e = 8.2% 

^Corresponding author. Tel: +86 0431 85168444, E-mail address: mfl@ilu.edu.cn . 
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Fig.3. The stress-strain curve of NiTi thin film. 

Fig.4. The average dislocation density and the average elastic stored energy density 
versus strain curves of NiTi thin film. 

Fig.5. The SEM micrographs of NiTi thin film 

^Corresponding author. Tel: +86 0431 85168444, E-mail address: mfl@ilu.edu.cn . 
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Figure 2 shows the XRD results of a Ti-51.45at.%Ni thin film subjected to solution 
treatment at 1073K for lh followed by age treatment at 773K for 30min under different strain. 
The patterns are obtained after tension of NiTi thin film in B2-phase. There are Ti02 and 
Ni3Ti precipitation. During tension the (102) peak intensity of NiiTi phase increases with 
elongation increased. Figure 3 shows the stress-strain curve of NiTi thin film. The 
stress-strain curve can be divided into two stages. The first linear stage corresponds to the 
elastic deformation of the parent phase[16]. In the following stage, serrations are observed. 
The serrations are considered to be the stress relaxation due to the cracks propagation and 
precipitation. The curves of the average dislocation density and the average elastic stored 
energy density values vs. strain are shown in Fig. 4. From Fig. 4, the average dislocation 
density and the average elastic stored energy density values gradually increase as strain 
increases in the strain range of 0 to 6.78% and rapidly increase in the strain range of 6.78% to 
8.21%. Figure 5 shows the SEM micrographs of NiTi thin film. In Fig. 5, a series of cracks 
grow parallel to one another, and the direction of crack extension is perpendicular to the one 
of tension and the cracks are about equally spaced. 

During tension the average dislocation density of NiTi thin film increased with 
elongation increase. Frank and Read discussed a possible explanation of this in terms of the 
reflection and multiplication of dislocation[17]. The hardness of materials is its resistance to 

local plastic deformation. The average elastic stored energy density is increase with 

elongation increase, and the Vickers hardness calculated values is also increase. From table 1 
we obtain that the Vickers hardness measured values are larger than the calculated values. 
This difference is caused by the oxide layer on the surface of NiTi thin film. After heat 
treatment in a vacuum furnace the samples are covered by an oxide layer with thickness of a 
few nanometers[18]. The intrinsic hardness of the film can be gained by X-ray diffraction line 
profile analysis from information of dislocation. 

The mechanical properties of sputtering-deposited Ti-51.45at.% Ni thin film are 
investigated. The experimental results show that a series of parallel cracks grew in a 
concerted fashion across the thin film and the cracks are about equally spaced. The average 
dislocation density and the average elastic stored energy density values gradually increase as 
strain increases in the strain range of 0 to 6.78% and rapidly increase in the strain range of 
6.78% to 8.21%. The Vickers hardness calculated values are also increase. The Vickers 
hardness measured values are larger than the calculated values. The oxide layer on the 
surface of NiTi thin film affects the measured values of microhardness. 

^Corresponding author. Tel: +86 0431 85168444, E-mail address: mfl@ilu.edu.cn . 
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Abstract 

The Nb-rich phase generated by the addition of trace amounts ofNb(<0.1wt%) \ and 
the effects of different content of Nb on the morphology and distribution of graphite 
in ductile iron were studied in this paper. The results showed that when the content of 
niobium less than 0.1 wt%, the two-dimensional morphology of Nb-rich phase existed 
in microalloyed ductile iron were mainly regular pattern such as square, triangle, 
polygon etc. Besides, Nb-rich phase in large size distributed in the matrix with a 
certain distance from graphite. With the increasing amount of niobium, the dispersion 
degree of graphite diameter, average diameter and roundness increased slightly, and 
the number of graphite decreased slightly. 

Introduction 

As a kind of strong carbide forming elements, Nb was also one of the most effective 
microalloyed element, which have been used widely presently. It could improve the 
properties of steel effectively by adding a small amount of Nb. Nb microalloyed 
technology has been drew attention in the field of casting materials gradually, and it 
has developed very quickly in recent years. Studies about the influence of Nb on the 
micro structure and mechanical properties of cast iron were approaching perfection 
day by day. The influences of microstructure and properties of materials by the 
addition of Nb have been extensively researched by Qijie Zhai, Tommy Nylen, 
Hongbo Zhu, and Yongsheng Yin, who have found that Nb could improve the 
properties of cast iron effectively'2~4'. In the ductile iron, the morphology and 
distribution ofNb-rich phase and graphite have great influence on its properties, but 
even until now only a few related references could be found. Thus, it was really 
meaningful to carry on such studies which the content o f N b in ductile iron was less 
than 0.1 wt%. 
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Experimental 

In this experiment, pig iron, scrap steel, ferrosilicon, ferro manganese, pure nickel, 
copper and niobium iron were used as the raw materials to melting in induction 
furnace of medium frequency. In the pouring process, the FeSiMg7RE5 was used as 
nodularizer, and 75SiFeAl was used as inoculant. The liquid iron was pouring at 
1400±20°C. Besides, the spectrometer was used to measure the chemical composition 
of samples, as shown in table 1. 

Table 1 chemical composition 

Sample C Si S Mn Cu Ni P Cr Nb 

1# 3.9 1.9 0.017 0.34 0.46 0.61 0.06 0.024 0 
2# 3.9 1.9 0.016 0.38 0.47 0.64 0.07 0.023 0.038 
3# 4.0 1.9 0.016 0.36 0.46 0.61 0.07 0.029 0.074 
4# 4.0 1.8 0.017 0.37 0.46 0.60 0.07 0.025 0.094 

Results and discussion 

The morphology and distribution ofNb-rich phase in ductile iron 

Samples of different content of niobium was observed under the SU-1510 scanning 
electron microscopy (SEM) to analyzed the morphology and distribution ofNb-rich 
phase in the matrix after the grind and polish process, as shown in Fig.l. the 
morphology of Nb-rich phase existed in microalloyed ductile iron were mainly 
regular pattern such as square, triangle, polygon etc, which were similar to the 
morphology ofNb-r ich phase with high content of Nb in gray cast iron'5'. It was 
worth to refer that there was almost a black region existed in the middle position of 
every Nb-rich phase. Energy spectrum analysis showed that Ti, N, O existed in this 
region, which verified the conclusion'6' that TIN could be the core ofNb-rich phase. 
Besides, with the increase of Nb content in ductile iron, the particle size in the matrix 
came up to 3|xm, and the number of large size Nb-rich phase also increased. With the 
addition o f N b content increased to 0.04wt%, a few rich niobium phase appeared in 
the matrix, and its distribution was scattered. Because the hardness ofNb-rich phase 
is very high, its dispersed distribution in the matrix could strengthen the matrix 
effectively and improve the properties of ductile iron, especially the wear-resisting 
property'7'-'8'. When Nb content was 0.07wt%, the number of large Nb-rich phase 
increased largely, and individual Nb-rich phase even exhibited the clusters shape . 
When Nb content was 0.09wt%, large Nb-rich phase increased slightly, the number 
and overall distribution ofNb-rich phase were less differ from that with 0.07wt%Nb 
content. 

580 



Fig.l Distribution and morphology ofNb-rich phase: (a) 0%Nb, (b) 0.038%Nb, (c) 
0.074%Nb, (d) 0.094%Nb 

Effect of Nb on the morphology of graphite nodule inductile iron 

The properties of ductile iron depended largely on the uniformity, roundness 
and nodularity of graphite nodule in the matrix. To improved the properties of ductile 
iron, better nodularity, uniformity and roundness of graphite were needed. 
Metallographic samples with 25mm diameter were got to observed the morphology 
and distribution of graphite under 100 times of metallo graphic microscope after grind 
and polish process. The graphite morphology and distribution of ductile iron were 
shown in Fig.2. 
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Fig.2 Distribution and morphology of graphite: (a) 0%Nb, (b) 0.038%Nb, (c) 0.074%Nb, 
(d) 0.094%Nb 

The Image-Pro Plus graphic analysis software (\fersion 6.0) was adapted to measured 
the average diameter of graphite, as shown in Fig.3. With the increase o f N b content, 
the average diameter of graphite nodule increased firstly and then decreased, but the 
value of it changed range was not more than 5pm, which is not very large relatively. 
The average diameter of graphite were all in the range of 13~25pm, therefore, the 
effect of trace Nb on graphite diameter of ductile iron was slight which could almost 
be ignored. 
According to the Chinese standard GB9941-1988, the nodularity and roundness of 
graphite nodule were calculated out, as shown in Fig.4. With the increase o f N b 
content, the nodularity of graphite in each kinds of samples were 89.8%, 88.9%, 
87.3%, 88.4%, respectively, its nodularity grade belonged to level 3. And the 
roundness of graphite also increased slightly, which were 1.10, 1.17, 1.22, 1.17, 
respectively. Evidently, both the nodularity and roundness of graphite changed 
slightly. 

QJ 
H 

30-

25 -

. 2 0 -

15-

1 0 -

5 -i 
0 — 

0.04 0.07 

N b content ( w t % ) 

Fig.3 The relationship of the average F i g 4 xhe relationship of nodularity and 
diameter of graphite and Nb content roundness of graphite and Nb content 
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Effect of Nb on the discreteness of graphite diameter 

Five pictures about morphology and distribution of graphite in the matrix of each 
sample were taken into analyzed by Image-Pro Plus graphic analysis software 
(\fersion 6.0). Measured the number of graphite and diameter of graphite in each 
picture, and then got its average value, at finals, the diagram about the discreteness of 
graphite diameter could be got, as shown in Fig.5. The diameter of graphite nodule 
mainly concentrated in the range of 10~20|xm for the 0wt% Nb sample. When the Nb 
content increased to 0.04wt%, each range of graphite diameter approached more 
evenly which range in 0~50|xm, namely the discreteness of graphite diameter got 
larger. Whereas, when the Nb content added to 0.07wt% and 0.09wt%, the 
discreteness of graphite diameter got smaller relatively. Besides, with the increase of 
Nb content, the number of graphite nodule got bigger. 

Fig.5 The relationship of discreteness of graphite diameter and Nb content 

Variance was adapted to measure the deviation extent between the diameter of 
graphite nodule and its average. The Image-Pro Plus (Version 6.0) graphical analysis 
software and EXCEL software were used to calculate the variance of graphite 
diameter, as shown in Fig.5. The variance value changed between 80~160|xm when 
the Nb content changed from 0wt% to 0.04wt%, 0.07wt% and 0.09wt%, respectively. 
Obviously, the variance value of graphite diameter increased firstly and then 
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decreased, and its change tendency was consistent with the discreteness of graphite 
diameter. 

0.04 0.07 

Nb content (wt%) 

Fig.6 The relationship between variance and Nb content of graphite diameter 

Conclusion 

1. The two-dimensional morphology ofNb-rich phase existed in microalloyed ductile 
iron were mainly regular pattern, such as square, triangle, polygon etc.. With the 
increase o f N b content, the Nb-rich phase existed in the matrix increased. There were 
some individual Nb-rich phase gathering in the matrix when the Nb content reached 
0.07 wt%. 
2. With the increase o f N b content, the diameter of graphite nodule increased slightly. 
The value of the diameter increased less than 5pm, and the change of nodularity was 
about 2.5%. The change of roundness was about 0.1. Therefore, trace amount o f N b 
had little influence on the graphite diameter, nodularity and roundness of ductile iron. 
3. According to the discreteness of graphite diameter and the calculation of variance, 
it could be found that the discreteness of graphite diameter increased with the increase 
of Nb content, which was consistent with the results of variance calculation. 
Meanwhile, the number of graphite nodule decreased. 
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Abstract 

Based on the investigation and study of the topography, micro structure and composition of the 
buildups which form in the surface of carbon sleeve in continuous annealing furnace for low-
and medium-grade non-oriented silicon steel produced by CSP process, combined with 
production process of silicon steel, the mechanism and major causes for forming buildups of 
carbon sleeve are discussed from the factors such as CSP process, the quality of carbon sleeve 
and so forth. Meanwhile, some countermeasures to reduce the formation of the buildups are put 
forward. 

Introduction 

Characterized by short process, low energy consumption and high efficiency, CSP (Compact 
Strip Production) process has developed rapidly in recent 20 years in China. At present, 14 short 
process production lines have been built and under construction domestically, covering from 
super-low carbon steel, low carbon steel to medium carbon steel, low alloy steel and so on 
The non-oriented silicon steel produced by CSP process can reach a higher finishing temperature 
under the condition of low heating. Due to the special cast structure of steel products, uniform 
temperature of the rolled pieces and full recrystallization of hot rolled plates, the magnetic 
induction obviously increases. Compared with the traditional hot rolling production process, in 
terms of temperature control, CSP process is more suitable for the production of non-oriented 
silicon steel and is an important innovation of silicon steel production process '2"5'. Silicon steel 
manufacturers using CSP process at home and abroad include the Nucor Crawfordsville in USA, 
the AST in Italy, TKS in Germany, the Hylsa in Mexico, ACB in Spain, Wuhan Iron and Steel 
(Group) Company(WISCO), Benxi Iron & Steel Group and so on in China. Many companies 
have realized the mass production of low- and medium-grade non-oriented silicon steel16 . 
After CSP continuous casting and rolling, low- and medium-grade non-oriented silicon steel 
need go through cold tandem rolling and continuous annealing process. Silicon steel strip by cold 
rolling is decarburized, re-crystallized and annealed in continuous roller-hearth annealing 
furnace. The carbon sleeve is mainly used to support and convey steel strip in continuous 
annealing furnace I9"10!. During the decarburizing and annealing of low- and medium-grade non-
oriented silicon steel in traditional production process, the service life of carbon sleeves is much 
longer, and embedded buildups seldom appear in the surface of carbon sleeves, while in CSP 
process, a lot of carbon sleeves frequently produce buildups only in 10-15 days of operation. 
Once embedded buildups come into being, they will easily indent, bruise and scratch the surface 
of steel strip, which seriously affects the quality of steel strip surface and even causes degraded 
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or waste products. The service life of carbon sleeve is shortened due to the shutdown caused by 
frequently grinding or changing rollers in production, which not only severely influences the 
production efficiency, but also causes huge economic losses to the company There are few 
literatures and researches on buildup formation of carbon sleeve in continuous annealing furnace 
for non-oriented silicon steel produced by CSP process. In this research, based on the analysis of 
embedded buildups forming in the surface of carbon sleeve during the decarburizing and 
annealing in CSP process, major causes for forming buildups of carbon sleeve in continuous 
annealing furnace for low- and medium-grade non-oriented silicon steel are discussed. 

Buildup Topography and Composition Analysis 

Topography of Buildups 

Fig. 1 shows the embedded buildups forming in the surface of carbon sleeve during the 
decarburizing and annealing for low- and medium-grade non-oriented silicon steel produced by 
CSP process. Fig. 1(a) and 1(b) are in cylinder shape, and the axial direction of buildups parallels 
that of carbon sleeve. Most buildups produced during production are in cylinder shape, l-5mm in 
length, 0.5-2mm in diameter, but a small number of buildups are in short column shape (Fig. 1 
(c)), even in irregular shape (Fig. 1(d)). The buildups in cylinder shape are not like those 
produced in the surface of carbon sleeve by other processes in relatively regular cylinder shape, 
which may be greatly related to the short time of buildup formation. 

Fig. 1 Embedded buildups in the surface of carbon sleeve 

Buildup Composition Analysis 

In order to figure out the inner structure and compositions of the embedded buildups, the 
buildups are sectioned along radial, and then inlaid, ground, and polished. The as-prepared 
samples were observed and analyzed by a scanning electron microscope (SEM) (Quanta 400, 
FEI Co., Netherland) equipped with energy-dispersive X-ray spectroscopy (EDS). 
The buildups forming in CSP process are in different shapes and sizes, but the buildup in slender 
cylindrical shape in Fig. 1(a) are relatively representative. Therefore, this buildup is selected as 
the key research object. Fig. 2(a) is the cross-section SEM micrographs of the buildup, its 
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diameter is about 0.8 mm, and there is a hole with the diameter of 0.5mm in the center. Figures 2 
(b-f) are cross-section SEM micrographs of the different region partially enlarged. The structures 
are not as compact as those of other embedded buildups by other processes. Although there are 
some light and dark color annular belts, the regularity of light and dark belts is not obvious, 
which is not that kind of alternately dark and bright concentric circles of light and dark belts . 
Fig. 3(b-f) are the corresponding EDS spectrums of Fig. 2(b-f) respectively. Table 1 is the result 
of EDS composition analysis in the different positions. The results show that the dark color belts 
of buildups are oxides of Al, Si, Cr, Mn, Fe. Cr may mainly come from chromium anhydride 
penetrated in carbon sleeves. The mass percent averages of Al, Si, Cr, Mn, Fe at the positions of 
three dark color belts 1, 2, 3 are respectively 2.84%, 18.31%, 4.18%, 7.37%, and 34.13%, among 
which Mn content at the position of 1 is as high as 11.95%. Si contents at the positions of 2 and 3 
are as high as 19.04% and 22.78% respectively. Dark belts at the positions of 2 and 3 contain 
small amount of Mg and Ca. Al, Si, Cr, Mn, Fe contents of dark belts shown in Fig. 2(e) are 
1.67%, 13.86%, 7.37% and 53.98%, which are much higher than those at other positions, and no 
Mg and Ca. Light belt positions shown in Fig. 2(f) only contain Fe and Si, with the content of 
98.62% and 1.38%. According to the composition analysis results, Mn content of embedded 
buildups in CSP process is higher, which varies greatly from the buildups forming in the 
production of other products. Therefore, buildups are basically oxidation-reduction reaction 
products, and only Fe is reduced. Si, Mn, A1 and Cr still exist in reduced iron substrates in the 
form of oxides, which result from different thermodynamics and kinetics conditions of 
oxidation-reduction physical and chemical reaction of various elements. 

Fig. 2 Cross-section SEM micrographs of the buildup:(a) general view; (b-f) partially enlarged. 
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Fig. 3 EDS spectrums at different positions of the buildup. 

Table 1 EDS composition analysis of buildup (%) 
Analysis section O Mg Al Si Ca Cr Mn Fe 
Dark color belt 1 29.42 - 2.09 13.10 - 6.25 11.95 37.18 
Dark color belt 2 33.41 0.89 3.47 19.04 1.11 3.08 4.88 34.11 
Dark color belt 3 33.20 0.82 2.97 22.78 0.65 3.21 5.27 31.09 

Dark position 23.12 - 1.67 13.86 - - 7.37 53.98 
Light position - - - 1.38 - - - 98.62 

Causes for Buildup Formation of Carbon Sleeve 

According to the results of the analysis above, it can be seen that the embedded buildups 
experience the "nucleation-growing up" process, and the main components are iron, a small 
amount of iron oxide, and oxides of Al, Si, Cr, Mn, Mg, Ca and so on. Obviously, the two 
necessary conditions for buildup formation are: (1) there exist pores in the surface of carbon 
sleeve; (2) rich material sources such as iron scale, iron rust, greasy dirt, dust, etc '9l In 
combination with the study on the topography, composition and formation mechanism of 
buildups as well as the actual CSP technology and process of low- and medium-grade non-
oriented silicon steel, it is proposed that formation of embedded buildups in short time is mainly 
related to CSP technology and the quality of carbon sleeve. 

590 



CSP Process 

The elements of Si, Al, Mn, etc. in non-oriented silicon steel must be controlled within a certain 
range while C, S, N and O are harmful elements. The requirements of these elements are 
different according to different grades, different production process and conditions. Si is the 
most important alloy element for silicon steel because it can be dissolved in ferrite to form the 
substitution solid solution, improve matrix resistivity, decrease iron loss. Al can be dissolved in 
the ferrite to improve the matrix resistance, coarse crystal grains, and reduce the iron loss, 
meanwhile, also can be deoxidized nitrogen fixation, but likely to cause surface internal 
oxidation of the steel sheet product. Mn can increase the resistivity of steel, lower iron loss, form 
stable MnS with inevitable impurity S, eliminate the hazards of S on magnetic, can also prevent 
the hot brittlement, which is also dissolved in the ferrite to form substitution solid solution, and 
has lower iron loss function. Si, Al, Mn, Fe and other elements in silicon steel easily can be 
oxidized to form SiC>2, A I 2 O 3 , MnO, FeO, Fe30<(, Fe2C>3 and other oxides, and may occur in the 
solid phase reaction between these oxides at lower temperatures, even the formation of eutectic 
liquid phase occurs at low temperature, such as the following reaction between A I 2 O 3 and MnO 
is likely to occur at lower temperatures: 

A1203 + MnO = MnAl204 (1) 

Especially, Mn content is relatively high in the production of non-oriented silicon steel by CSP 
process, which is also consistent with the component analysis results of buildup. Meanwhile, the 
descaling is not sufficiently in CSP process likely to produce more iron scale and inclusions in 
the steel surface, and many other problems will cause the steel plate surface to generate a large 
number of iron oxide, for example pickling is not sufficient, cold rolling heating temperature is 
too high, holding time is too long and so on. Therefore, during the production of non-oriented 
silicon steel by CSP process, multiple links may provide a rich source of iron scale, inclusions, 
dust and other substances for buildups formation. 

Quality of Carbon Sleeve 

Graphite is chemically inert in non-oxygen media. At normal temperature and pressure, graphite 
does not make any chemical reactions except the long-term immersion in nitric acid, 
hydrofluoric acid or in fluorine, bromine and other strong oxidizing atmosphere leads to form 
intercalation compounds slowly. Graphite is not subject to any acid, alkali and salt corrosion and 
does not react with any organic compound I9"10!. However, due to complex procedures and 
processes of producing carbon sleeves together with porous material itself, it is inevitable to 
form larger holes in the surface during production and processing. Carbon sleeves under different 
molding processes are shown in Fig. 4. Fig. 4 (a) shows carbon sleeve by extrusion forming (EF), 
and Fig. 4 (b) carbon sleeve by cool isostatic compression (CIP). As can be seen from the Fig. 4, 
the carbon sleeve in Fig. 4 (a) has high porosity, large stomatal aperture, and many long and 
narrow holes while the carbon sleeve in Fig. 4 (b) has higher density, even though there are 
many pores, its aperture is very small. In the actual production process, the performances of 
oxidation resistance, buildup formation resistance, and wear resistance of carbon sleeve by CIP 
are better than that by extrusion forming 
Generally speaking, graphitization degree of carbon sleeve is over 70%. Although the surface of 
carbon sleeve is smooth after soaking of various chemical substances and processing, graphite 
begin to react with water vapor over 700 °C, with CO and CO2 over 900 °C. The carbon in silicon 
steel has great influence on the magnetic. Carbon not only strongly inhibits grain growth, but 

591 



also expands y phase zone. Hence, the excessive amount of carbon makes the shift quantity of 
two phases a and y increase in normalizing treatment, and refines crystal structure, causing the 
increase in iron loss. 

Fig. 4 Carbon sleeves by different forming processes: (a) EF; (b) CIP. 

One of the important purposes of the annealing to the finished product of silicon steel is 
decarburization, therefore, holes inevitably appear due to oxidation during the use of carbon 
sleeves in continuous annealing furnace for silicon steel. As a result, these holes provide the 
necessary conditions for stubborn embedded buildups to form. When there are larger holes 
together with rich iron scale, iron rust, greasy dirt, dust, and other material sources, the stubborn 
embedded buildups could form in a relatively short time. 

Other Factors 

Many factors influence buildup formation of carbon sleeves, such as furnace atmosphere, dew 
point, uncleanness of alkali wash, outer-sync of the actual speed of carbon sleeves and the 
running line speed of steel strip, uncleanness of inside furnace, etc. These factors cause certain 
effect on buildup formation of the carbon sleeves of in continuous annealing furnace for low-
and medium-grade non-oriented silicon steel produced by CSP process, but frequent buildup 
formation in a short time shows that these factors are not basic causes, and the main reason is 
that these buildups are caused by CSP process and defects of carbon sleeve by itself. 

Measures to Control and Reduce Buildups 

Compared with traditional technological process for steel sheet, silicon steel production by CSP 
process has its unique advantages. According to some defects of CSP process and the present 
annealing technology, equipment and conditions, it is impossible to completely eliminate 
buildups, but it is possible to take some process control in technology or preventive measures to 
reduce buildup formation. In order to control and reduce buildup formation, extend the service 
life of carbon sleeve, the following methods and measures are put forward: 
(1) Improve descaling equipment and process, strengthen the pickling, and reduce iron scale and 
the source of inclusions; 
(2) Under the condition of guaranteeing rolling temperature, strictly control the heating 
temperature and soaking time, and avoid producing a large amount of iron scale due to the local 
overheating of steel plate surface. 
(3) Improve the surface quality of carbon sleeve and enhance its performances of oxidation 
resistance, wear resistance, buildup formation resistance; 
(4) Strictly monitor atmosphere and dew point in annealing furnace; 
(5) Strengthen the cleanness of steel strip and alkaline wash; 
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(6) Clean dust regularly in continuous annealing furnace; 
(7) Regularly monitor and correct the motor of carbon sleeves and adjust the inconsistent roller 
speed of carbon sleeves in time. 
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Abstract 

The use of bricks of soil-cement is proving to be an important constructive methodology 
due to low environmental impact in the production process of these blocks comparing with 
conventional bricks are burnt, besides being easy to produce. However during the process of 
production of bricks, which are compressed, knowledge of the properties of the soil used is 
critical to the quality and durability of the blocks. The objective of this work is to evaluate the 
feasibility of using soil from the municipality of Goytacazes for the production of soil-cement 
bricks. Assays were performed the compaction, liquid limit, plastic limit, particle size analysis, 
EDX and X-Ray diffraction for later pressed blocks and analyze their compressive strength and 
water absorption. 

Introduction 

The issue of sustainability has been widely discussed around the world, by government or 
private entities. The carbon rate has been increased year after year, changing the environmental, 
causing more damages each day. A main barrier to be overcome by the society is to find out 
solutions in different kinds of sectors which aim at sustainability case. 

Nowadays, one of the most harmful productive sectors is civil construction, being 
responsible for most part of gas emissions and generated waste, contributing in this context, the 
production of inputs and constructive step. 

Besides, Brazil suffer with a huge housing deficit, according to Lima Neto et al. [1], in 
2012 represented approximately 5,24 millions of houses, to amount to 8,53% of Brazilian 
families. However, this deficit has been falling with government policies as the project Minha 
Casa, Minha Vida, that has the main goal build houses for people who have more financial 
vulnerability. 
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In this context comes a solution that is building using soil cement brick, that is not innovate 
but it is not commonly used. This method of construction can ally practicality, economy and 
sustainability and also reduce the problem of housing deficit in Brazil (Figure 1). 

Figure 1. Soil cementer construction 

According to Portland Cement Brazilian Association soils having more percentage of 
sandy are stabilized with less quantity of cement, being necessary clay in its composition, aiming 
to give the mixture cohesion enough for the immediate withdrawal of forms, when moistened 
and compacted [2], 

One of vantages of using soil cement is the possibility of utilization the local soil, having 
more proportion in the mixture, allowing less possible quantity of cement. In this way, the low 
environmental effect can be justified because this brick is not fired (fitting block) and the 
proportion of cement, a material extremely pollution in its production process, is low. 

The goal of this project is the soil characterization from the municipality of Campos dos 
Goytacazes, located in Rio de Janeiro, for production of soil cement bricks, with 5%, 10% e 15% 
of cement addition and do test as mechanical resistance to compression and water absorption, 
which are important for this kind of material, being its values compared with the limits stipulated 
by Brazilian standard. 

Materials and Methods 

First of all, the soil was collected from a deposit located in Campos dos Goytacazes city 
and transported to Civil Engineering Laboratory (LECIV) of State University of the Northern 
Rio de Janeiro. Once at LECIV, it was correctly identified and separated in two parts, one to 
begin the physical and chemical characterization and the other part to bricks production. 

To physical analyses the soil was processed according to NBR 6457 [3], which describes 
preparation procedures to compaction and characterization test (particle size analyses, 
determination of Atterberg limits and determination the real density of particles). 

The particle size distribution curve, assay which determines the soil particle size and 
relative proportions, was performed by sieving and sedimentation according to NBR 7181 [4], 
Later, the Atterberg limits were determinate ( liquid limit, plastic limit and plasticity index), to, 
together with compaction test to identify the workability to find out the best ratio of water which 
must to be added to the mixture, according to NBR 6459 [5] (liquid limit) and NBR 7180 [6] 
(plastic limit). According Portland Cement Brazilian Association (ABCP), the liquid limit should 
be inferior than 45% and of plasticity index inferior than 18%. 
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After drying at 110°C for 24 hours, samples of the clay body were homogenized by 
quartering and the density of the particles was measured according to the norm [7], The particle 
size distribution was then determined by the sieving and gravimetric method according to the 
norm [4], The chemical composition was obtained by X-ray dispersive energy in a model EDX 
700 Shimadzu spectrometer. The mineral phases were determined by X-ray diffraction (XRD) in 
a model DRX 7000 Shimadzu diffractometer operating with CuKa radiation at 40 kV and 110 
mA, with 20 angle, varying from 5 to 80°C in steps of 27min. 

Using the second part of soil prepared initially, the mixture of soil cement was held, on a 
mechanic mixer, brand CSM, and the water was added to ensure ideal humidity of blocks, and 
this addition should be done with a manually spray to avoid the advent of lumps until the correct 
homogenization of mixture. After the mixture preparation, the bricks were molded using manual 
press Vimaq model V2, where the pressure of molding was kept constant between the blocks. 
With this method, a sample was prepared containing 21, and with this quantity was possible to 
have reliability at the mechanical assays (Figure 2). 

Figure 2. Manual press Vimaq model V2 used to molding bricks. 

Once the blocks were made, the rebounds withdrawal was carried out from the fitting 
surface, keeping uniform the distribution of load at rupture time and subsequent capping with 
cement paste, forming a prism with two blocks that was ruptured in press, Solotest brand, which 
velocity of rupture was 50kgf/s[8], and based on Brazilian standard the resistance of soil cement 
bricks should be superior than 2MPa. 

At the same time, was realized the water absorption assay [8], putting the blocks immersed 
in water at ambient temperature (23°C), weighing it before and after immersion. According 
Brazilian standard, the soil cements blocks should present maximum average water absorption of 
20%, and no singular result should be over than 22% at 28 days old. 

Results 

Figure 3 shows the particle size distribution curve of the raw material, which may consist 
of a mixture of clays from different quarrying as well as sand to reduce the plasticity of the clay 
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body. In this figure one sees that the so-called "clay fraction", corresponding to particle sizes (d) 
below 2 |xm is 43.00%, while the "silt fraction" (2 < d < 20|xm) is 13.20% and the "sand 
fraction" (d > 20|xm) is 37.60%. After drying, a comparison between the weights in 20 samples 
revealed a humidity content around 34% in the as-collected raw material. 

Figure 3. Particle size distribution of the raw material. 

The chemical composition of the raw material obtained by XRF, is presented in Table 1 In 
this table the relative proportion between the silica (Si02) and the alumina (AI2O3) is consistent 
with the predominance of clay minerals. However, one should remember that Si02 may also 
exist as free quartz in the sand particle, while aluminum may also be in the form of another 
mineral such as gibbsite. 

Table 1 - Chemical composition by XRF of the raw material given in terms of oxides (%). 

SiOs Al203 Fe203 K2O so3 Ti02 CaO MnO v2o5 Zr02 CuO SrO 

45.36 38.90 9.10 2.03 2.20 1.40 0.70 0.05 0.20 0.01 0.007 

The mineralogical analysis of the precursor clay body by XRD of a dried, ground and 200 
mesh sieved sample is shown in figure 4. In this figure, the most prominent and frequent peaks 
are those of quartz (Q), kaolinite (Ka) and goethite (Go). 

598 



Figure 4. X-ray diffraction. 

The Atterberg limits and the real density of particles of the precursor clay body are 
presented in Table 2. 

Table 1. Atterberg limits and real density of the clay body. 

Flow Limit Plasticy Limit Plasticity Index Real Density of 
Particles (g/cm3) 

33.6% 20.5% 13.1% 2.67 

The table 3 shows the medium values of the compression rupture strength of all the 
bricks of each type of soil-cement formulation. It is important to mention that the minimum 
average strength for soil-cement bricks is 2.0 MPa and no individual value should be inferior to 
1.7 MPa [9] (after 28 days). Based on this norm, types 0% and 10% not attend the above 
requirements. In fact, only type 15%, with an average 2.33 ± 0.72 MPa and all values above 1.7 
MPa, is within the specification for soil-cement brick [9], 

Table 3. Compression rupture strength (MPa). 
Rupture age 5% 10% 15% 

7 0.20 ± 0.69 0.56 ±0.35 1.10 ± 0.45 
14 0.30 ± 0.60 0.86 ±0.33 1.45 ±0.52 
28 0.42 ± 0.62 1.13 ±0.36 2.33 ± 0.72 

The average results of water absorption at soil cement block were not done on block of 
5% and 10%, because the results of compression were not satisfactory. 
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Table 4. Average water absorption (MPa). 
5% 10% 15% 

Water absorption 23.00 25.02 16.06 

Conclusion 

According this paper, can be concluded that exists different types of soil in north of the 
state of Rio de Janeiro, Brazil (region analysis). This soil objective in this study is appropriate to 
produce soil cement bricks, according the Brazilians Standards parameter and had revealed 
important characteristics, based on indicated proportions (due to the fact that distribution of 
particle size and physical index). 

The resistance and water absorption is very important parameter about use in materials of 
the construction because evaluation resistance and durability of blocks. In this work are analyzed 
5, 10 and 15% of cement addition, conclusion with 15% were within the parameters established 
by Brazilians standards (compression rupture strength and water absorption). 

Must aware to the variability of soils in this region and the water percentage should be 
added in each case. 
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Abstract 

In this paper, ductile iron material with different content of niobium was prepared by 
a scientific melting method. Image Analysis Software was used to studied the effect of 
niobium microalloying on both pearlite content and pearlite lamellar spacing in 
ductile iron quantitatively. The results showed that the addition of a small amount of 
niobium could increase the pearlite content and decrease pearlite lamellar spacing of 
ductile iron effectively. 

Introduction 

Niobium has been widely used as an alloy element in the steel and iron for a long time. 
As the strong carbide forming element, niobium carbide it formed in matrix play a 
significant role in dispersion strengthening effect. Therefore, it improved the strength, 
ductility and toughness properties of iron[1~3I.As a high melting point alloy element, 
the addition of a small amount of niobium in steel could improve the hardenability of 
steel effectively for the reason that niobium delayed the transformation time from 
austenite structure to pearlite structure'41. 

In recent years, the application of niobium added in the steel act as the microalloying 
element also developed very quickly. This mainly contributed to the reason that 
compared with other alloying elements, the addition of only 0.001%~0.1% in steels 
could significantly improve its mechanical properties'51. Hardy Mohrbacher'61 has 
researched very deeply about niobium microalloying in high strength automotive steel. 
Besides, Qijie Zhai, Wenbin Zhou et al '7~91 have deeply researched the existed form of 
niobium in cast iron and its fundamental role. But until now, researches about the 
effects of niobium on the changes of pearlite content and pearlite lamellar spacing in 
ductile iron were still relatively lacking and not comprehensive enough. So in this 
research, this was the main work. 
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Experimental Procedure 

The raw materials, including casting pig iron, 75SiFe, 80MnFe, pure copper, pure 
nickel and niobium iron were added into induction furnace to get the ductile iron with 
designed chemical composition of 3.9%C, 1.9%Si, 0.3%Mn, 0.4%Cu, 0.6%Ni and 
0~0.1%Nb. The main chemical component of nodularizer in this experiment was 
FeSiMg7RE5, with dosage of 1.2%. And the main component of inoculant was 
75SiFeAl, with dosage of 0.8%. Both of them were added by pour-over treatment 
process. At finals, the chemical composition of four samples was showed in table I . 

Table I Chemical composition of the samples (wt%) 

sample C Si P Mn Cu Ni S Nb 

W 3.9 1.9 0.06 0.34 0.46 0.61 0.017 0 

2# 3.9 1.9 0.07 0.38 0.47 0.64 0.016 0.038 
3# 4.0 1.9 0.07 0.36 0.46 0.61 0.016 0.074 
4# 4.0 1.8 0.07 0.37 0.46 0.60 0.017 0.094 

Result and Discussion 

Effect of Niobium on the pearlite content of ductile iron 

The composition of phase content in the matrix (the relative distribution of graphite, 
pearlite and ferrite content) determined the tensile strength and hardness et al 
mechanical properties of ductile iron. Generally, pearlite microstructure acted as the 
main force-resistance phase in ductile iron matrix. Therefore, the higher pearlite 
content in matrix, the larger tensile strength material was. In this experiment, 4% nital 
was used to corrode the metallographic specimens. Finally, the typical pictures of 
ductile iron matrix were showed in Figure 1. Evidently, with the increase of niobium 
content in ductile iron, the content of ferrite (white bull eye like shape) gradually 
reduced, and that was to say, pearlite content increased gradually. 

According to the national standard GB9941-2009 of China [10], pearlite content in 
ductile iron was analyzed quantitatively by Image-Pro Plus software. After statistic 
treatment, pearlite content values with different content of niobium were shown in 
Figure 2. For the 0% Nb containing sample, its pearlite content was 76.5%, which 
belonged to 75 pearlite level. When added 0.038%, 0.074% and 0.094% Nb in ductile 
iron, the pearlite content it contained were 85.4%, 89.7% and 91.6% respectively. As 
for the first two samples, they belonged to 85 pearlite level, and the last sample 
belonged to 95 pearlite level. It was obvious that the addition of niobium promoted 
the increase of pearlite content in ductile iron. This was because the existed NbC 
phase restrained the diffusion of carbon atoms in the liquid metal during solidification 
process, therefore decreased the graphite nodule content and naturally increased the 
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Figure 1 Cast microstructure of ductile iron: (a) 0%Nb, (b) 0.038%Nb, (c) 0.074%Nb, 
(d) 0.094%Nb 

72-1 , . , . , . , 
0 0 .038 0 .074 0 .094 

N b content (wt%) 

Figure 2 The relationship of niobium content and pearlite content 

The effect of niobium on pearlite lamellar spacing 

As for the ductile iron with lamellar pearlite microstructure in matrix, the lamellar 
spacing of pearlite determined the mechanical properties of the pearlite, and then 
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affected the mechanical property of ductile iron. Generally, the smaller pearlite 
lamellar spacing was, the better both hardness and tensile strength of material were. 
That was because when pearlite affected by external force, plastic deformation almost 
occurred in ferrite, and cementite layer it contained prevented the slip of dislocation. 
For the dislocation in materials, the maximum slip distance in pearlite was the 
lamellar spacing. Hence, smaller lamellar spacing in pearlite resulted in larger phase 
interface between ferrite and cementite in per unit volume. Of course, bigger plastic 
deformation resistance contributed to higher hardness and strength. After the samples 
et alhed by 4% nital, Carl Zeiss Scanning Electron Microscope was used to observed 
the pearlite lamellar spacing with different niobium content under the amplification of 
5000 times which were shown in Figure 3. 

Figure 3 Pearlite microstructure: (a) 0%Nb, (b) 0.038%Nb, (c) 0.074%Nb, (d) 
0.094%Nb 

The method provided by literature [12] was adopted to quantitatively measure the 
pearlite lamellar spacing. Detail process described as follows: covered the pearlite 
with a constant diameter circle (25 mm) in the high amplification times pictures, as 
shown in Figure 3, then counted out the number of intersections between 
circumference and cementite layer. 

(1) 
nM 
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S: random pearlite lamellar spacing 
D: constant diameter (25mm) 
n: the number of intersections between circumference and cementite layer 
M: amplified times 

0.038 0.074 0.094 
N b content (wt%) 

Figure 4 The relationship of niobium content and pearlite lamellar spacing 

The mean pearlite lamellar spacing value could be calculated by formula (1), as 
shown in Figure 4. For the 0% Nb containing sample, the pearlite lamellar spacing 
was 0.99pm. When added 0.038%, 0.074% and 0.094% Nb in ductile iron, the 
pearlite lamellar spacing were 0.95pm, 0.82pm and 0.75pm respectively. Evidently, 
the addition of niobium decreased the pearlite lamellar spacing. The very reason was 
niobium, as a strong carbide forming element, took a strong drag function for carbon 
atom during the solidification process. Hence, it decreased the diffuse distance of 
carbon atom during solidification, and at finals got the pearlite matrix with smaller 
pearlite lamellar spacing. As discussed above, smaller pearlite lamellar spacing lead to 
better hardness tensile strength et al. mechanical properties of material. Therefore, 
considered only in this aspect, the addition of niobium could also improve those 
mechanical properties of ductile iron. 

Conclusion 

(1) With the increase of niobium content, pearlite content in ductile iron matrix 
increased gradually. Compared with 76.5% pearlite content of 0% Nb containing 
ductile iron, the pearlite content increased to 91.6% with 0.094% Nb in ductile 
iron. 

(2) With the increase of niobium content, pearlite lamellar spacing decreased largely. 
Compared with 0.99pm pearlite lamellar spacing of 0%Nb containing ductile iron, 
pearlite lamellar spacing decreased to 0.75pm with 0.094% Nb in ductile iron. 
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Abstract 

Since environmental issues are becoming more and more important Worldwide. Nowadays, Natural 
fibers are been used to substitute the synthetic ones. Although PALF fiber is an important natural 
fiber and its mechanical Properties surpass in various aspects some other lignocelluloses fibers, such 
few studies have been conducted with the fiber obtained from leaf of PALF plant. In order to better 
evaluate the mechanical properties and possible applications, this paper aims to improve the elastic 
modulus of the PALF fiber by Weibull statistics, by evaluating their mechanicals properties and 
possible applications. The fibers were divided in diameter intervals and the tensile strength and 
elasticity modulus were measured in each range. The fractured surface was examined using scanning 
electron microscopy. The results, interpreted by the Weibull statistical method, showed a correlation 
between the fiber elastic modulus and its diameter. 
Keywords: PALF fiber, tensile test, Analysis of Weibull modulus of elasticity 

Introduction 

According to Kalia, Kaith e Kaurs [1], cellulose-based fibers are being used due to its "green" image. 
Instead of glass fibers, widely used in modern technology, the lignocellulosic fibers are renewable 
and can be incinerated at the end of material useful life without the addition of air pollution, since the 
amount of C0 2 liberated during the incineration is negligible compared to the amount absorbed by 
the plant throughout its life. 

Even if the industrial processing of an equivalent release of C0 2 is added, the lignocellulosic fiber 
can be considered neutral with respect to the emission of gases responsible for global warming [2], 

The use of lignocellulosic fiber as packaging, textile, construction and automobilist is growing. One 
of its most promising applications is as reinforcement for polymer composites. In fact, a considerable 
number of publications [3-8] have been devoted to lignocellulosic fiber as reinforcement in polymer 
composites. In particular, in industrial applications are already on the market, mostly in automotive 
industry [9-12], 

Despite environmental benefits and economic advantages, technical and social aspects of 
lignocellulosic fibers, as the deficiencies, dimensional heterogeneity and low interfacial adhesion 
with polymers typically used as composite matrix [3-7], Another feature that can significantly affect 
the properties of lignocellulosic fiber is an appreciable dimensions transverse effect or cross-
sectional area [3], 
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Experimental Procedure 

The PALF fibers, Fig. 1 are extracted manually from randomly selected 100 fibers, the equivalent 
diameter corresponding to the average between the larger and smaller (90° rotation) cross section 
dimensions at five locations for each fiber, was measured in a profile projector Nikon 6C. 

Figure 1. A small bundle of PALF fibers 

The histogram in Fig. 2 shows the frequency of diameter distribution of PALF fibers used in the 
present work. The fiber diameter varies from 0.10 to 0.28 mm. For each interval of equivalent 
diameter in Fig. 2, 20 fibers were selected and all fibers were individually tensile tested at a 
temperature of 25 + 2°C in a model 5582 universal Instron machine. Especial tensile grips were used 
to avoid both slippage and damage of the fiber. The values obtained for the elastic modulus were 
interpreted by means of the Weibull statistics using the computer program Weibull Analysis. 

Figure 2. Distribution frequency of palf fibers equivalent diameter. 

Results and discussion 
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Based on the maximum load, the tensile strength (crm) was determined for each fiber. With this last 
one and the deformation values, Em was determined then statistically analyzed by means of the 
Weibull method for the 20 fibers associated with each of the seven diameter intervals shown in the 
histogram of Fig. 2. The Weibull Analysis program provided the probability plots of reliability vs. 
location parameter shown in Fig. 3 for all diameter intervals. Here it should be noted that all plots in 
Fig. 3 are unimodal, i.e. with just one single straight line fitting the points at each interval. This 
indicates similar mechanical behavior of fibers within the same diameter interval. 

Figure 3. Weibull graphs for the different intervals in the histogram of Fig. 2. 

In addition, the program also provided the corresponding characteristic elasticity modulus (0), the 
Weibull modulus (|3) and the precision adjustment (R2) parameters. The values of these parameters as 
well as the average elasticity modulus (Em) and associated statistical deviations, based on the 
Weibull distribution, are presented in Tab.l. 
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Table 1. Weibull parameters for the elasticity modulus palf fibers associated with different diameters. 

Diameter interval 
(mm) 

Weibull 
Modulus, 

P 

Characteristic 
Elasticity 
Modulus, 

6 (GPa) 

Precision 
Adjustment 

R2 

Average 
Elasticity 
Modulus 

(GPa) 

Statistical 
Deviation 

(GPa) 

0.10<d<0.13 2.394 16.41 0.9191 14.55 6.47 

0.13<d<0.16 2.766 10.26 0.9635 9.13 3.57 

0.16<d<0.19 3.382 11.64 0.9344 10.45 3.41 

0.19<d<0.22 2.289 10.6 0.9430 9.39 4.35 

0.22<d<0.25 2.286 10.09 0.9063 8.94 4.14 

0.25<d<0.28 2.348 8.641 0.9368 7.66 3.47 

The variation of the characteristic elasticity modulus with the average fiber diameter for each one of 
its intervals is presented in Fig. 5. In this figure there is a tendency for the 0 parameter to vary 
inversely with the average palf fiber diameter. This means that the thinner the fiber the higher tends 
to be the characteristic elasticity modulus. Furthermore, the corresponding values of p and R2, shown 
in Tab.l statistically support the inverse correlation between 6 and the average diameter d (mm). By 
means of a mathematic correlation, a hyperbolic type of equation was proposed to fit the data in Fig. 
4. 

G (Gpa)= (1,27/d) + 4.00 (A) 

Figure 4. Variation of the characteristic elasticity modulus with the mean diameter for each interval 
in Fig.2. 

In order to analyze the physical meaning of Eq. (A), the average elasticity modulus Em evaluated in 
this work for the palf fibers was plotted as a function of the diameter in Fig. 5. In this figure an 
apparent hyperbolic inverse correlation also exists between En, and d within the error bars (statistical 
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deviations) and investigated limits, an unequivocal hyperbolic inverse correlation also exists between 
Em and d. 

Em (Gpa) = (1.13/d) + 3.55 (B) 

Figure 5. Variation of the mean elasticity modulus with the diameter for each interval in Fig.2. 

Based on Eq. (A) and (B) it is suggested that, as in others lignocellulosic fibers [10, 11], a hyperbolic 
type of mathematical equation is the best statistical correlation between the elasticity modulus and 
the diameter of PALF. 

Fig. 6 shows SEM fractographs of PALF with different diameters. It can be seen in this figure that 
the thinner fiber with d = 0.13 mm. Fig 6 (a), displays less natural malformation and few internal 
gaps. By contrast, the thicker fiber with d= 0.25 mm. Fig 6 (b). shows a heterogeneous surface 
comprising relatively more holes and gaps. 

Figure 6. SEM fractograph of PALF fibers fibers: (a) thinner. d= 0.13mm and (b) thicker. d= 

The microfibrillar nature of the PALF fiber could also be responsible for the results in Fig. 7. As 
illustrated in Fig. 7(a), the thinner fiber displays a more uniform structure with more uniform and 
compact microfibrils displacement. By contrast, the thicker fiber has more defects and 
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microstructural porosity associated with heterogeneous composition of microfibrils, Fig. 7(b). In 
other words, the thinner fibers tend to be more uniform with more close packed microfibrils. This 
contributes to less empty spaces and, consequently, higher elastic modulus results. 

Conclusions 

• A Weibull statistical application to analysis of elasticity modulus revealed an inverse 
hyperbolic correlation with the equivalent diameter of palf fibers 

• The experimental results obtained for both the elastic modulus characteristic as for the average 
maximum modulus, showed a hyperbolic equation with similar coefficients. 

• Statistically, the larger distribution of fibrils mechanical resistances of the thicker fiber allows a 
weaker fibril to rupture shortly than any of the fewer fibrils of the thinner fiber. 
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Abstract 

Semi coke, a byproduct in the chemical industry, is a new fuel for blast furnace 
injection in China. In this study, semi coke and bitumite were milled into different 
size, ranged from 0.147mm to under 0.074mm. The content of volatile matter and ash, 
which affect the combustibility of semi coke, were measured using muffle furnace. 
The mixture, in which the proportion of coal in different sizes changed, was blend by 
semi coke and bitumite with different size. Activation energy calculation and the 
comprehensive combustion characteristic index of all kinds of blends was also 
discussed. The result obtained by Thermogravimetry -Derivative Thermogravimetry 
curves indicates that the smaller the size of mixture is, the lower for the characteristic 
temperature, and the better for its combustibility, Semi coke can be a substitute for 
anthracite in blast furnace injection. 

Introduction 

Particle size, which influences specific surface area and pore structure seriously, is 
one of the most fundamental physical parameters. In addition, process of mass 
transfer, heat transfer and chemical reaction during combustion are influenced by 
particle size as well. Therefore, the effect of particle size on combustion is obvious. 
As a kind of fuel for blast furnace injection, semi coke is promising, therefore, study 
of effect of particle size on combustion of mixture of semi coke and bituminous coal 
is extremely meaningful. 
There are many studies about effects of particle size on coal combustion at home and 
abroad. Liu Hui et al analyzed and discussed the effect of particle size on combustion 
of lignite by thermogravimetric experiments; [1] Ping Chuanjuan et al studied the 
effect of particle size on coal combustion and pyrolysis by combustion and pyrolysis 
experiments of multi- granularity coal; [2] Jiang Xiumin et al studied the fractal 
dimension of multi-granularity coal, and they concluded that the finer the coal is, the 
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greater of fractal dimension. Then the combustibility of coal gets improved; [3] Xue 
Xinghua et al researched the effect of enrichment of microlithotype, which is the 
result of size changes, on coal combustion from the view of coal petrology; [4] Xu 
Yuangang et al studied the effect of surface structure on coal combustion using 
saturated nitrogen absorption method at low temperature to find the mechanism of 
particle size; [5] Mustafa Versan Kok et al studied the influence of particle size on 
pyrolysis, and they find that the content of fix carbon and reduced, and ash content 
increased as the particle size decreased, as a result, chracteristic temperature for 
pyrolysis increased; [6] in addition, they researched the effect of particle size on 
combustion; [7] Yoshihiko Ninomiya et al studied the effect of particle size on the 
kind of release during combustion, they concluded that particle size influenced 
granular matter seriously; [8] Jonathan P.Mathews et al proved that the content of 
volatile matter changed as particle size of coal changed by experiments. [9] 

Experimental 

Materials 
The samples used in this study were semi coke and bituminous coal obtained from 
Xinjiang Province in China. All samples were ground for two minutes in a ball mill 
and screened to ensure 100% passing sieving size. The bituminous coal and semi coke 
samples were sieved at two particle size range, one is less than 0.074 mm and the 
other one is between 0.148 and 0.074 mm. The proximate analyses of both samples 
are shown in Table I. Different samples with same size were mixed in proportion, and 
mixture, particle size of which are less than 0.074 mm and between 0.148 mm and 
0.074 mm respectively, were obtained. And then, the mixture with different size were 
mixed again to obtain mixture samples, in which the proportion of samples less than 
0.074 mm changed. The six experimental samples are in the Table II. 

Table I. proximate analysis of the samples 
coal Particle size/(mm) v a d / % Aad /% M a d /% FC/% 

Bituminous 
0.148-0.074 28.59 4.71 8.35 58.35 

coal 
<0.074 28.68 3.39 9.06 58.87 

0.148-0.074 5.88 13.20 2.39 78.53 
Semi coke 

<0.074 8.34 17.73 2.16 71.77 
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Table II. Experimental samples 
Number 0.148mm~0.074mm <0.074mm 

1 100% 0% 
2 90% 10% 
3 80% 20% 
4 70% 30% 
5 60% 40% 
6 0% 100% 

Methods and facilities 
Combustion experiments for all experimental programs were conducted using 
WCT-2C type microcomputer differential thermal balance. lOmg samples were tiled 
uniformly in a a - ^ J^ crucible, the diameter of which is 5mm and the height is 
1.5mm. The samples were heated from 25°C to 900°C with heating rate at 15°C/min, 
and the gas flow is lOOml/min. TG and DTG curves and obtained as a result. 
Combustion characteristic temperature 

Figure 1 combustion characteristic temperature curves 

Figure 1 shows the combustion characteristic temperature determined by TG-DTG 
method. [10] Point A is obtained in TG curve corresponding the same temperature 
with the peak of DTG curve, and a tangent line of TG curve corresponding point A is 
got, a horizontal line outlet from point B, which is in the TG curve in initial phase of 
the experiment, and the point C, the point of intersection of the horizontal line and 
tangent line, is obtained. The ignition temperature is defined as the temperature 
corresponding to the point C. point F, the start point of the initial part of TG and DTG 
curve, corresponding to the burnout temperature. 

Kinetic analysis of the experimental results 
Activation energy is one of the most important parameters, and it is usually used to 
describe complexity of the combustion process of coal. We assume that 
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non-isothermal process can be seen as isothermal process in infinitesimal time 
interval, then the gas-solid reaction kinetic equation can be described as : 

— = — - e x p f - S /RT)-(l-af AT p v\ > \ ) ^ 

The conversion rate of weight a can be calculated as 

m n — m t 

a = m o - m , (2) 

In equation (1) and (2), A is the frequency factor; P is the heating rate; E - is the 

activation energy; R is the gas constant;m0^ mt^ ni; is the sample weight at the 
beginning, at t time during reaction and at the end of reaction. 
To make calculation easy, Cumming define the combustion reaction of cola as first 
order reaction. Approximate solution is got by integration of equation (1): [11] 

I n i - H ' r ^ W ^ + l n ^ RT f3E (3) 

Plotting using I T2 J against 1/T, a straight line is got. Activation energy can be 

calculated from the slope of the straight line. 

Results and discussion 

Combustion characteristic curve 
Figure 2 is the TG and DTG curves of the mixed coal in all the experimental 
programs. 

Figure 2 TG and DTG curves for mixed coal 

TG curves indicates that, the TG curves of mixed coal in all experimental programs 
are very similar, it is the dehydration process when heated from room temperature to 
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about 150°C, and the volatile matter separates out and combusts during 300-500°C, at 
the same temperature range, part of fixed carbon reacted fiercely, and the residual 
coke combusts during 500-800 °C, but this process is in some degree slow. 
The DTG curves indicates that the maximum combustion rate of all the mixed coals 
occurs range from 400°C to 500°C. As the proportion of coal, of which the particle 
size less than 0.074mm, increases, the DTG curves move to bottom left, the low 
temperature range, which indicates that as the particle size of mixed coal decreases, 
the combustion characteristics improves. 
The calculation and analysis of combustion characteristic parameters 
According to Figure 1 and TG-DTG method, the combustion characteristic 
parameters of the mixed coals, including ignition temperature(Ti/ °C), burnout 
temperature(TF/°C), maximum weight loss rate(dG/di;)vmax(mg/min) and average 
weight loss rate(dG/dT)vmean/(mg/min). in the experimental programs can be 
calculated. In addition, SN is defined as comprehensive combustion characteristic 
index, [12] which is used to evaluate the combustion performance of mixed coals, and 
the larger the SN is, the better the combustion performance. 
SN is calculated using the following equation: 

dG |̂ fdG) 
. H t } \ H r } C V / max V / mean SA\ 

TX ' W 

The (dG/dT)max in equation (4) stands for maximum weight loss rate(mg/min), and 
(dG/dT)mean stands for average weight loss rate. Tf stands for burnout temperature 
and Ti is the ignition temperature. 
The calculation results for combustion characteristic parameters and comprehensive 
combustion characteristics index of all experimental samples are in Table m. 

Table m. combustion characteristic parameters of all the mixed coals 
Numbe 

r 
T,(°C) (dG/dT)vmax(mg/mi 

n) 
(dG/ dt) vmean/ (mg/mi 

n) 
Tf(°C SN[xlO~9mg2/(mi 

n2-°C )] 

1 391.2 1.07 0.4016 766.5 3.66 

2 385.9 1.07 0.3909 756.7 3.71 

3 382.9 0.96 0.4287 757.5 3.75 

4 382.6 1.06 0.4319 755.2 4.14 

5 380.4 1.07 0.4209 735.5 4.23 

6 377.5 1.12 0.4474 720.3 4.88 

Table III indicates that the ignition and burnout temperature decrease as the 
proportion of the mixed coals with particle size less than 0.074 mm increases. The 
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former decreases slightly, however, the burnout temperature decreases sharply, when 
the proportion of coal the particle size less than 0.074mm is higher than 90%. It 
indicates that reducing particle size of mixed coal is in favor of decreasing the burnout 
temperature. 
As the proportion of mixed coals, of which the particle size is less than 0.074mm, 
increases, the comprehensive combustion characteristic index increases, especially 
when the proportion is higher than 80%, SN increases obviously. It indicates that 
increases the proportion of coal whose particle size is less than 0.074mm in the mixed 
coals mixed by bituminous coal and semi coke can improve the combustion 
characteristics. 
Kinetic analysis 
According to the ignition temperature and burnout temperature of the mixed coal 
mixed by bituminous coal and semi coke, calculation temperature range is determined 
at 350°C~800°C, and the conversation rate corresponding to 400°C,500°C,600°C and 

J i t ? ) ) 
700 C is calculated. A straight line plotted about I 1-2 J against 1/T is obtained, 

and activation energy of all the mixed coal mixed by bituminous coal and semi coke 
is calculated according to the slope of the straight line. The results are in Table IV. 

Table IV. Kinetic parameters of mixed bituminous coal and semi coke at different 
ratios 

Number 
Temperature 

range/°C 
Activation energy 
E/ (kJ.mol-1) 

Correlation index 
R2 

1 36.99 0.99007 
2 36.35 0.99302 
3 

350-800 
34.83 0.99354 

350-800 
4 

350-800 
32.59 0.98949 

5 31.88 0.99587 
6 30.38 0.99108 

Table IV indicates that the assumption that the combustion process of mixed coal is a 
first order reaction is appropriate. As the proportion of mixed coals, of which the 
particle size is less than 0.074mm, increases, the activation energy of the combustion 
reaction of the mixed coal mixed by bituminous coal and semi coke decreases. It 
agree with the former results that reducing the particle size of the mixed coal can 
improve the combustion characteristics of the coal mixed by bituminous coal and 
semi coke. The semi coke can be a substitute for anthracite. 

Conclusions 

(l)Reducing the particle size of coals mixed by bituminous coal and semi coke can 
decreases the ignition temperature and burnout temperature, and particle size 
influences burnout temperature mostly; 
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(2)The comprehensive combustion characteristic index increases as the particle size of 
the mixed coal decreases; 
(3)The activation energy decreases as the particle size of the mixed coal decreases, 
reducing the particle size of mixed coal can improve the combustion characteristics of 
coal mixed by bituminous coal and semi coke; 
(4)Semi coke can be used in blast furnace injection. 
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Abstract 

Ausmelt furnace slag contains about 0.9% Cu (mass %). With increasing the amount of Ausmelt 
furnace slag, the recovery of copper from it will produce an enormous economic yield. The 
recovery of copper by floatation from slow cooled Ausmelt furnace slag was studied in this 
paper. The phases and composition of the slow cooled slag were analyzed. The factors which 
affected the copper recovery efficiency such as grinding fineness, pH value of flotation medium, 
different collectors and floating process were investigated. It was shown that the size 
distribution of the primary grinding and secondary grinding of middling were 75% for particles 
less than 0.074mm and 82% for particles less than 0.043mm respectively. The closed-
circuit experimental results with butyl xanthate as collector in laboratory showed that the copper 
grade reached 16.11% and the recovery rate of copper reached 69.90% and the copper grade of 
tailings was only 0.2%. 

Introduction 

Copper slag, as an important secondary metal resource, contains plenty of renewable resource. It 
is the byproducts of high temperature copper smelting process which contains mainly iron 
silicate, magnetite, a small quantity of Cu, Pb, Zn and the compounds of SiC>2, AI2O3, CaO, 
MgO and very tiny amount of precious metals. The property of copper slag is extremely complex, 
which is affected by the properties of copper concentrates, smelting conditions and cooling 
procedures of molten slag. Copper exists in forms of copper sulfide, metal copper and small 
amount of copper oxide in slag. Most of precious metals in slag coexist with copper, so the 
process which recovers copper can also recovers previous metals. At present, researchers have 
used a variety of methods to recover useful metals from the copper slag. The methods include 
pyrometallurgy (reverberatory furnace and electric furnace), mineral processing 
(flotation separation and magnetic separation), leaching (direct leaching, indirect leaching and 
bacteria leaching) and carbothermic reduction at high temperature [1-4]. The purpose is the 
recovery of Fe and Cu from copper slag. Moreover, copper slag has good mechanical-
physical properties and it can be used as copper slag cement, abrasive tools and road material. 
Ausmelt electric furnace slag has increased to about 900,000 tons each year in a domestic 
smelting plant in China and it contains about 0.7-0.9% Cu. With gradually increasing of 
market demand, the copper price remains at a high level. In this paper, the floatation experiments 
of Ausmelt slow cooled slag in a smelting plant were carried out to explore available process and 
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effective flotation conditions. The copper smelting plants would increase their profits if the 
copper grade of slag could be decreased from 0.7-0.9% to below 0.25% [5, 6], 

Experimental 

Experimental Material 

The slag was chosen from a copper smelting plant in Huangshi city in China. It was firstly 
crushed by roll crushers and then sieved through 2mm as experiment samples. The slag was 
dark brown in appearance and most of copper minerals existed in the forms of copper sulfide and 
matte. Other minerals in slag such as fayalite, magnetite, glass phase, only contained tiny copper. 
The composition of copper slag is shown in Table I. The copper distribution in main copper-
bearing phases in copper slag is listed in Table II. 

Table I The chemical composition of copper slag (mass %) 
Cu Fe Zn Ni S CaO MgO Si02 AI2O3 Au(g/t) 

0.76 42.14 1.86 0.045 1.62 4.47 3.74 31.98 4.52 0.07 

Table II Copper concentration (mass %) and distribution (%) in main copper-bearing phases 

Phase 

Copper 
sulfide Metal copper Copper oxides Cuprous 

oxides 
Fayalite 

magnetite 
Phase 

cone. dis. cone. dis. conc. dis. conc. dis. conc. dis. 
0.46 68.80 0.08 10.31 0.09 4.84 0.01 0.32 0.12 15.73 

Note: cone. = concentration; dis. =distribution 

Experimental Instruments 

A XFD model hanging cell flotation machine and a XMQ-240><90 cone ball grinder made by 
Wuhan Exploring Machinery Factory were used for grinding and flotation of copper slag. The 
200 mesh screener produced by Shangyu Jinding Standard Screener Factory was used for sieving 
of the grind slag powders. A GGX-9 model Atomic Absorption Spectroscopy (AAS) made by 
Beijing Haiguang Equipment Company was used for determination of copper concentration in 
slag before and after flotation. 

Analysis Methods 

The analysis method of copper recovery rate and grade of copper concentrates after flotation are 
as follow: O.lOOOg drying foam concentrate was placed in a PTFE beaker adding 15mL HC1 
(1+1), 5mL HF and 5mL HNO3 to dissolve. The samples were cooled when 
perchloric acid smoked after adding lOmL HCIO4. The sample was heated until the solution got 
clear with adding 15mL HC1(1+1). The solution was then cooled and filtered; the filtrate was 
kept in a 250mL volumetric bottle. Finally, the filtrate was analyzed by AAS. 

Results and discussion 
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The experiment of copper flotation was performed in mechanical stirring flotation machine with 
3L volume. The slag was weight at lOOOg each time and the water for the experiment was 
running water. The main processing agents were Na2S, buffering agents, collector agents such as 
Z-200*, butyl dithiophosphate, butyl xanthate and mixed xanthate. The flotation product was 
weighted after drying and then the recovery rate E was calculated according to equation (1). The 
process flow of floating copper from slag is shown in Figure 1. 

Cu 
X = ! - X 1 0 0 % (1 ) 

Cu2 

Where Cui is the mass of Cu in the flotation product (g). 
Cu2 is the total mass of Cu in the lOOOg Ausmelt furnace slag (g). 

Slag 

Primary grinding 

Primary 1 otation I 

Classification 

Secondary fl 

Secondary grinding 

station II 

V Scave 

V 
Concentrate 

iging 

V 
Tailing 

v 
Middling 

Figure 1. Flow chart of floating copper from slag 

Effect of Grinding Fineness on Floating Copper 

Based on the former researches [7], the slow cooled Ausmelt furnace slag was used to study the 
influence of the fineness of the primary grinding for slag and secondary grinding for middling on 
the copper concentrates grade and recovery rate. The influence curves of the primary and 
secondary grinding fineness on the copper concentrates grade and recovery rate were shown as 
Figures 2 and 3. 
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Figure 2. Primary grinding fineness 

Figure 3. Secondary grinding fineness 

As can be seen from Figures 2 and 3, the fineness of the primary grinding of slag and secondary 
grinding of middling has a great effect on the copper concentrates grade and recovery rate. With 
the increase of grinding fineness, both of the recovery rates firstly rose and then slightly 
decreased. As for the concentrate grade, they were totally different. The concentrate grade of 
primary grinding slag increased but the grade of secondary grinding slag of middling decreased 
sharply. This was due to the facts: 1 .the useful mineral was easily over grinded and resulted in the 
loss of tiny size metals;2.the floating gangue mineral would float on the surface and resulted in 
the degrade of concentrate grade. The suitable fineness of the primary grinding for slag and 
secondary regrinding for middling were -0.074mm 75% and -0.043mm 82% respectively 
according to the results. 

Effect of pH Values on Floating Copper 
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The reacting agents were Na2S, ethyl xanthate and buffering agents. The experiments were 
performed in different pH values. The pH values of slurry can be adjusted by adding buffering 
agents such as HC1, CH2COOH and CF^COONa. It can be seen from Figure 4 that copper 
recovery rate increased regularly and copper grade decreased with increasing pH value. Copper 
recovery rate started to decrease when pH was higher than 12, this was due to adding Na2S. The 
surface electronegativity of the slurry will increase and appear CuS sediment. The sediment CuS 
will generate sol with the excessive amount of S2" and increase the hydrophilic. The recovery rate 
and copper grade will decrease. 

Figure 4. Effect of pH values on flotation with collector 

Effect of Different Collectors on Floating Copper 

To improve the technical index of flotation, the effect of different collectors on the primary 
copper flotation index of Austmelt slow cooled slag was investigated. The experiment procedure 
was one primary flotation; the grinding fineness was -0.074mm75%; the amount of collector 
was 90g/t; the amount of pine oil was 75g/t; the flotation time was 13min. Results in Table III 
showed that conventional collectors such as Z-200#, butyl dithiophosphate and butyl xanthate 
can effectively recover copper minerals. Butyl xanthate was an effective collector to float copper 
from slag considering recovery rate, concentrate grade and production cost. 

Table III Effect of different collectors on concentrate grade and recovery rate (% ) 

No Collector Product Yields Copper 
grade 

Recovery rate of 
copper 

Concentrate 2.96 14.51 58.81 

1 Z-200* Tailing 97.04 0.31 41.19 

Slag 100.00 0.73 100.00 

2 butyl 
dithiophosphate 

Concentrate 

Tailing 

Slag 

3.13 

96.87 

100.00 

14.66 

0.28 

0.73 

62.85 

37.15 

100.00 

625 



Concentrate 3.31 15.05 67.33 

3 butyl xanthate Tailing 96.69 0.25 32.67 

Slag 100.00 0.74 100.00 

Concentrate 3.41 14.87 69.54 

4 Mixed xanthate Tailing 96.59 0.23 30.46 

Slag 100.00 0.73 100.00 

Closed-circuit test 

Flotation flow has a great influence on the flotation index of slow cooled slag of Ausmelt furnace. 
The slag also abided by the dressing rule "early recovery early discard, early recovery more 
recovery". The closed-circuit experiments simulating continuous production were done based on 
the open-circuit experiments, the flow is shown in Figure 5. The experimental conditions are: the 
primary grinding fineness is -0.074mm75% and the secondary grinding fineness is -0.043mm 
85%; the amount of activator Na2S, collector butyl xanthate and the foamer 2# oil is 95g/t, 90g/t 
and 85g/t respectively, the results are shown in Table IV. 

Table IV Closed-circuit flotation test for the Ausmelt furnace slow cooled slag (%) 

Product Yield 
Grade Distribution rate 

Product Yield 
Cu Cu 

Concentrate I 2.13 16.77 48.29 

Concentrate II 1.08 14.80 21.61 

Total copper concentrate 3.21 16.11 69.90 

Tailing 96.79 0.23 30.10 

Slag 100.00 0.74 100.00 
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Figure 5. Flow chart of floating copper from slag with closed-circuit 

Conclusions 

( 1 ) Flotation of slow cooled Ausmelt furnace slag was carried out to recover copper-bearing 
components. Based on the experimental results, the best flotation conditions were determined as 
follows: a) primary grinding: 75% passing 0.074mm;Secondary grinding: 82% passing 0.043mm 
82%; b) pH of flotation media: 9; c) Collector: butyl xanthate. 

(2) A closed-circuit test for slow cooled slag simulating continuous production was performed; 
the copper concentrate grade reached about 16~18% and copper recovery rate was about 6 5 ~ 
70%. 
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Abstract 

Hydrocarbon polymers, as PP, made from cheap petrochemical feedstock are important in 
many branches of industry. However, they have an undesirable influence on the environment 
and cause problems due to waste deposition and utilization. Polymeric materials composites 
account for an estimated from 20 to 30% of total volume of solid waste disposed. Thus, there 
is a tendency to substitute such polymers by those ones that undergo biodegradable processes. 
Polypropylene (PP) is a commodity, with high melting point, high chemical resistance, low 
density, with a balance between physical and mechanical properties and easy processing at 
low cost. Nevertheless, PP shows limitations for some special applications in automotive 
industry and civil construction. In order to minimize this deficiency, related to rheological 
behavior of polymer melt, especially referring to viscosity in processing temperature, a 50% 
mixture with HMSPP (High melt Strength Polypropylene) was used. PP/HMSPP was 
blended with 10, 15, 30 and 50% of natural (sugarcane bagasse) and synthetic polymers 
(PHB and PLA) aiming to partially biodegradable materials. The admixtures were subjected 
to gamma-irradiation at 50, 100, 150 and 200 kGy and then further assessed by mechanical 
tests in order to evaluate their degradability. 

Introduction 

Polymers are vastly employed for numerous purposes in different industrial segments [1,2,3], 
generating enormous quantities of discarding in the environment. Amongst the various 
components of waste in landfills, polymeric materials composites account for an estimated 
from 20 to 30% of total volume of solid waste disposed [4, 5], Polypropylene (PP) undergoes 
crosslinking and extensive main chain scissions when submitted to ionizing irradiation [6]; 
and both chemical phenomena are known to induce changes in the polymer properties which 
may enable its use in various applications at distinct process conditions [7]. 

PP is one of the most widely used linear hydrocarbon polymers; its versatility arises from the 
fact that it is made from cheap petrochemical feed stocks through efficient catalytic 
polymerization process and easy processing to various products. Thus, enormous production 
and utilization of polymers, in general, lead to their accumulation in the environment, since 
they are not easily degraded by microorganisms, presenting a serious source of pollution 
affecting both flora and fauna. These polymers are very bio-resistant due to the involvement 
of only carbon atoms in main chain with no hydrolysable functional group. Non-degradable 
plastics accumulate in the environment at a rate of 25 million tons per year [8, 9, 10], Several 
possibilities have been considered to minimize the environmental impact caused by the use of 
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conventional polymers. Polymeric materials can undergo physical, chemical, and biological 
degradation or combination of all these due to the presence of moisture, air, temperature, 
light (photo-degradation), high energy radiation (UV, gamma radiation) or microorganisms 
(bacteria or fungi) [11], There are three main classes of biodegradable polymers: synthetic 
polymers, naturally occurring processable bacterial polymers and blends of polymers in 
which one or more components are readily consumed by microorganisms [12]. 

In recent years, as a result of growing environmental awareness, natural polymers (starch, 
cellulose, chitin, sugarcane bagasse, sisal, etc...) have been increasingly used as reinforcing 
fillers in thermoplastic composite materials. Sugarcane bagasse was used as reinforcing filler 
in this study, mainly because its availability in Brazil. As the world's largest producer of 
sugarcane, Brazil produces 101 million tons of agro-industrial residue of sugarcane from 340 
million tons of sugarcane every year [13]. 

PP/HMSPP biodégradation rate can be enhanced with biodegradable natural (sugarcane 
bagasse) and synthetic (PHB and PLA) and should present effective mechanical properties, 
when non-irradiated. Nevertheless, application of high energy (gamma-rays) will induce 
samples degradation, affecting mechanical behavior and so contributing for biodégradation. 

This study aims to mechanicals assessments involving PP/HMSPP and blends with PHB, 
PLA and sugarcane bagasse. 

Experimental 

Materials 

Polypropylene (PP): PP-440K, Quattor, 3.5 g/10 minutes M.F.I. 

High Melt Strength Polypropylene (HMSPP): PP samples previously kept in nylon bags, 48h 
under acethylene, irradiated in a Co60 source at room temperature and 12.5 kGy dose at 10 
kGyh"1 radiation rate. After irradiation, samples air-forced oven annealed, 1 hour at 100 C, to 
eliminate remaining radicals to accomplish termination reactions [11], 

Sugarcane bagasse: From Caçapava, Sào Paulo, running water washed, room temperature 
dried, environment protected for two months, air-forced oven at 60 C for 24h. Treated 
material grinded and kept for 4h at 60 C, sieve segregated in 355 (im meshes pan [15, 16]. 

Polylactic acid (PLA): Ingeo TM Biopolymer 325 ID, designed for injection molding 
applications, from Nature Works® 

Polvhvdroxvbutvrate (PHB): PHB Biocycle®, from PHB Industrial S/A. 

Preparation of mixtures 

A 50% PP/HMSPP mixture was prepared using a twin-screw extruder (HAAKE Rheomex 
332p, 3.1 L/D, 19/33 compression ratio), operated at 170°C and 60 rpm. Pelletized extradâtes 
were used as basis for: Bagasse in PP/HMSPP, PHB in PP/HMSPP and PLA in PP/HMSPP 
at 10%, 15%, 30% and 30% level. All samples were further irradiated in a Co60 source at 
room temperature, 10 kGyh"1 radiation rate, at: 50, 100, 150 and 200 kGy. 
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Characterization: 

Mechanical tests: Samples were analyzed in a texturometer (TA-Hdi Stable Micro Systems 
Texture Analyser texturometer, 5 kg load cell, 0.5 m/s deformation rate, 2 mm/seg speed). 
Analyses were performed in accordance with ASTMD 638-08 [14], at room temperature. 

Results and discussion 

Mechanical assessments accomplished for PP/HMSPP polymeric basis and blends with 
natural (sugarcane bagasse) and synthetic (PHB and PLA) polymers are shown in Figures 1 
through 6: 

Figure 1: Tensile in sugarcane bagasse 10, 15, 30 and 50% in PP/HMSPP blends irradiated at 
0, 50, 100, 150 and 200 kGy. 
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Figure 2: Elongation at break in sugarcane bagasse 10, 15, 30 and 50% in PP/HMSPP blends 
irradiated at 0, 50, 100, 150 and 200 kGy. 

Figures 1 and 2 indicate that at 0 (zero) kGy there is an abrupt raise in tensile for 50% 
sugarcane bagasse in PP/HMSPP, in relation to PP/HMSPP; besides showing a higher 
elongation at break, when compared to other blends, its value was slightly lower than that one 
obtained for PP/HMSPP. Within a 50 to 200 kGy range pure PP/HMSPP and blends 
experienced lower values for tensile and elongation at break, without a precise pattern. 

Figure 3. Tensile inPHB 10, 15, 30 and 50% in PP/HMSPP blends irradiated at 0, 50, 100, 
150 and 200 kGy. 
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Figure 4: Elongation at break in PHB 10, 15, 30 and 50% in PP/HMSPP blends irradiated at 
0, 50, 100, 150 and 200 kGy. 

Figure 3 shows that at zero kGy, PP/FFMSPP polymeric matrix showed higher tensile results , 
followed by 50% PE03 in PP/FFMSPP blend, keeping the same behavior for elongation at 
break in Figure 4. Within a 50 to 200 kGy range: 10% PHB in PP/HMSPP showed highest 
tensile values, followed by 15% PHB in PP/HMSPP blend; excepting at 50 kGy, the same 
behavior was presented by these blends in relation to elongation at break. 

Figure 5. Tensile in PLA 10, 15, 30 and 50% in PP/HMSPP blends irradiated at 0, 50, 100, 
150 and 200 kGy. 
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Figure 6: Elongation at break in PLA 10, 15, 30 and 50% in PP/HMSPP blends irradiated at 
0, 50, 100, 150 and 200 kGy. 

Figure 5 shows that except 50% PLA in PP/HMSPP blend at 200 kGy, all other blends 
showed proportional and higher tensile values when compared to pure PP/HMSPP, at 50, 100 
and 150 kGy. At zero kGy PP/HMSPP showed the highest value for elongation at break; 
higher values were presented by 15 and 30% PLA in PP/HMSPP blends within 50 to 200 
kGy range. 

Conclusions 

Sugarcane bagasse, PHB and PLA acted as reinforcing filler of PP/HMSPP polymeric matrix, 
based in tensile and elongation at break assessments, especially at zero kGy.. 

Sugarcane bagasse in PP/HMSPP blends irradiated at 50, 100, 150 and 200 kGy showed for 
mechanical essays higher values when compared to pure PP/HMSPP irradiated within this 
doses range; the only exception was registered for 50% sugarcane bagasse in PP/HMSPP, at 
200 kGy. 

PHB 10% in PP/HMSPP showed higher tensile in function of imparted doses; nevertheless, it 
experimented an abrupt reduction in elongation at break within this doses range. 

PLA in PP/HMSPP blends showed a proportional loss in mechanical properties, in function 
of 50, 100, 150 and 200 kGy, especially PLA 50% in PP/HMSPP blend. 
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Abstract 

The use of natural fibers with polymeric resins has spread rapidly. In order to improve the 
mechanical properties of material, in this work, two variables were used: mercerization and 
electron beam irradiation. This paper describes the preparation and characterization of bio-
composites that were prepared in two different routes using green high density polyethylene 
(HDPE) and Brazil nut pod fiber (BNPF): the first was to irradiate the composite with 150 
kGy and the second was to irradiate the matrix with 15 kGy followed by composite 
preparation. In both cases mercerized and non-mercerized fibers were used. The irradiation 
process was carried out using a 1.5 MeV electron beam accelerator, at room temperature and 
in the presence of air. The material was characterized to evaluate the effect of treatment on 
mechanical properties of material. 

Introduction 

Composites are materials which combine the best mechanical and physicochemical properties 
of two or more materials. This is the reason for composites to appear as an extremely 
favorable alternative to the several industries. The increased use of polymeric materials by 
industries is a result of the high degree of robustness and many advantages over conventional 
materials; such as greater design flexibility and economy in production [ ' l In the last decade 
there has been a rapid development in the area of natural fiber-reinforced composites, thanks 
to cellulose fibers' low cost, low density, non-abrasiveness, non-toxicity and easiness to be 
modified by chemical agents, as well as the fact of being generated from abundant and 
renewable sources Improvements in processing technology, the development of suitable 
chemical coupling agents and economic factors spurred the use of wood as reinforcement in 
thermoplastic matrices [3l In this paper we investigate the effect of two techniques - fibers 
mercerization and irradiation - on the mechanical properties of the manufactured composites. 
The process using ionizing radiation acts through scission of weak intramolecular bonds 
followed by the appearance of free radicals that, through different reaction paths, results in 
rearrangements and/or formation of new bonds. The result of these reactions is oxidation, 
grafting, degradation (scission of main chains) or cross-linking. The transformation depends 
on the radiation environment, dose rate and total adsorbed dose. Polymers that are cross-
linked acquire better resistance to impact and stress cracking while, in many cases, improving 
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their chemical resistance I4,5,6'7!. In general on irradiation process is applied a dose rate 
between 15 - 50 kGy for grafting and for crosslinking between 50 -150 kGy [7I.The 
mercerization process consists of a treatment of the fiber using sodium hydroxide solution to 
remove undesirable substances such as lignins, wax and oils from the surface of the fibers 
and exposes more of the fiber surface, improving the interaction between the polymeric 
matrix and fiber [8l 

Materials and Methods 

Materials 
The following materials were used in this work: Green High Density Polyethylene (HDPE 
SGF 4950) from Braskem S/A, specific density of 0.956 g/cm, MFI (Melt flow index) of 0.34 
g/10 min to 190°C/2.16 Kg and Brazil nut pod, residue disposed off by processing industries 
of Brazil Nut. 

Fiber Preparation 
The Brazil nut pod residue was ball milled, classified granulometrically with the aid of sieves 
< 125 |xm, the fibers particles were dried in a greenhouse (Quimis, model Q-317B) at a 
temperature of 80 ± 2 °C for 12 h. For mercerization, the fibers were treated with a NaOH 
aqueous solution (20 % w/v) for one hour, then neutralized, washed with deionized water and 
then dried at 60 ± 2 °C for 48 h. 

Electron Beam Radiation 
Samples of composites were irradiated at 150 kGy and samples of neat HDPE were irradiated 
at 15 kGy, for post injection. In both situations an electron beam accelerator (Dynamitron II, 
Radiation Dynamics Inc., 1.249 MeV energy, 5.05 mA current and 37.5 kW power), was 
used at room temperature in air and at a dose rate of 22.41 kGy/s. Ionizing radiation doses 
were measured using cellulose triacetate film dosimeters "CTA-FTR-125" from Fuji Photo 
Film Co. Ltd. 

Composite Preparation 
The polymeric matrix was compounded with 20 % (80:20 wt%) of Brazil nut pod particles 
mercerized and non mercerized, using a twin-screw extrusion process, with a processing 
temperatures of 125 °C to 140 °C. A twin screw extruder double thread model "AX 16LD40" 
of AX Plásticos Máquinas Técnicas Ltda. was used. After extrusion the composites were 
injected in an injection molding machine (thermoplastic DEMAG ergo tech pro 35-115) with 
the processing temperature range of 150 °C to 180 °C. Samples were prepared as described in 
Table I. 

Table I. Samples prepared 
MATRIX (wt0/ FIBER (wt%) 

Sample # Neat Pre-Irradiated Irradiated Mercerized Non 
15 kGy 150 kGy Mercerized 

HDPE 100 - - - -

HDPE PrI 15 - 100 - - -

HDPE Pol 150 - - 100 - -

COMP NMF NI 80 - - - 20 
COMP NMF PrI 15 - 80 - - 20 

COMP NMF Pol 150 - - 80 - 20 
COMP MF NI 80 - - 20 -

COMP MF PrI 15 - 80 - 20 -

COMP MF Pol 150 - - 80 20 -
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Characterization 
In order to understand the effect of mercerization and electron beam radiation on material, 
fiber morphology and mechanical properties were evaluated using a SEM, tensile, flexural 
and impact test machines. 
The tensile test was performed in a room with temperature and humidity controlled, using an 
universal test machine (Instron 30 kN Test Machine) according to the procedure described in 
ASTM standard (D638), speed of testing was 2 mm/min. The flexural test was carried out in 
a room with temperature and humidity controlled, using an universal test machine (Instron 
5800 100 kN Test Machine) according to the procedure A described on ASTM standard 
(D790), the depth and width of specimens were respectively 6 x 13 mm and span-to-depth 
ratio of 16:1, speed of testing was 2 mm/min and the results on table III represent the average 
of three samples. The impact test was performing using Ray Ran test equipment on 
unnotched specimens and impact blow in flatwise direction, according to the procedure 
described on Charpy Impact Strength ISO standard (179), the depth and width of specimens 
were respectively 12 x 6 mm. 

Results and Discussion 

Mechanical Analysis 
The mechanical properties of a material provides information related to failure (brittle or 
ductile) and consequently determines the most suitable application of material. It is related to 
the behavior of material under stress [6l 

Tensile Test 
The Figure 1 represents the diagram stress versus strain of the materials prepared. The 
reduction in elongation was expected for composites, because the addition of the fibers 
changes the viscoelastic behavior of the matrix making it less ductile. 

Figure 1. Diagram Stress (MPa) x Strain (mm/mm): (a) composite non-mercerized, (b) composite 
mercerized and (c) neat HDPE 

The inclusion of BNPF as a reinforcement to HDPE matrix resulted in the improvement of 
tensile modulus properties and reduction in elongation at break. Comparing the composites, 
where the only treatment was the mercerization, an unexpected behavior was observed. The 
composite prepared using non mercerized fibers suggests a better performance in modulus 
(approximately by 7 %). Considering the irradiation process, the composite prepared with the 
irradiated matrix presented a significant advantage on modulus and tensile stress at tensile 
strength when compared with the irradiated composite. The material showed which showed 
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an improvement in modulus of approximately 135 %, when compared with the neat material, 
was the composite prepared using pre-irradiated matrix and mercerized fiber. The results 
suggest that the grafting effect was potentiated in approximately 8 % on modulus when using 
the mercerized BNPF. 
The tensile modulus also presented improvements for non irradiated samples, the tensile 
stress at tensile strength presented a reduction indicating that the interfacial bonding between 
the filler and the polymeric matrix did not provide good stress propagation. The composite 
prepared with non mercerized fiber achieve better results for modulus when compared with 
the composite prepared with the mercerized fiber. 
On pre-irradiated samples, the use of the irradiated matrix to prepare the composite indicated 
a good wetting of fiber. The result of tensile stress at tensile strength indicates that the 
interfacial bonding between the filler and the matrix polymer resulted in good stress 
propagation. It also means that eventual problems on mix due to the preparation process, 
observed on non irradiated samples, are minimized. The result for composites prepared using 
the pre-irradiated matrix and mercerized fiber, indicated better use of benefits provided by the 
both treatments. The result of the irradiated composites indicates that the benefits of 
mercerization were not important for flexural properties, because there is no significant 
difference between the composite prepared with mercerized fiber and non mercerized fiber 
(Table II). Here, we can see that the fibers mercerization does not have a significant effect on 
the final properties of the composites. 
The results in Table II represent the average of four samples. 

Table II. Tensile test results 

Tensile Modulus 

MPa 

Tensile strength at 
break 
MPa 

Elongation at 
Break 

% 

COMP_MF_PoI 150 
Composite mercerized fiber 1,579.45 (± 13.77) 23.51 (± 0.27) 9.62 (± 0.00) 

Post Irradiated 
COMP_NMF_PoI 150 

Composite non mercerized fiber 1,575.69 (± 8.65) 23.69 (± 0.34) 9.71 (±0.01) 
Post Irradiated 

COMP_MF_PrI 15 
Composite mercerized fiber 1,607.59 (± 16.57) 32.52 (± 0.63) 8.14 (±0.01) 

Pre Inadiated 
COMP_NMF_PrI 15 

Composite non mercerized fiber 1,484.27 (± 14.05) 32.71 (± 0.26) 8.07 (± 0.00) 
Pre Inadiated 

COMP_MF_NI 
Composite mercerized fiber 1,198.07 (± 15.17) 24.36 (± 0.40) 11.43 (±0.01) 

Non Irradiated 
COMP_NMF_NI 

Composite non mercerized fiber 1,287.83 (± 20.03) 24.16 (±0.23) 16.06 (±0.03) 
Non Irradiated 

HDPE_PoI 150 
803.51 (±8.65) 24.42 (± 0.87) 50.99 (± 0.08) 

Post Irradiated 
HDPE_PrI 15 

815.82 (± 12.12) 20.21 (± 0.04) 40.39 (± 0.65) 
Pre Inadiated 
Neat HDPE 

683.02 (± 25.63) 26.26 (± 0.54) 39.30 (± 0.06) 
Non Irradiated 

Flexural Test 
The flexural test results are presented in Table III. Composites prepared with mercerized fiber 
showed better results, this can be attributed to the more availability of cellulose and their 
ability to withstand bending force. 
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For all samples, it is possible to observe a reduction in flexure extension when comparing the 
neat matrix with their composite however, opposite behavior is seen with flexure load and 
modulus. The best modulus result, ca\20 %, when compared to the neat material, was 
achieved on composite irradiated using mercerized fiber. 
For the composites prepared with non mercerized fiber, no substantial difference between the 
pre-irradiated and post-irradiated material was observed, however, the irradiation process 
plays as an important role in improving the property when compared to the non-treated 
matrix. The mercerization improved the flexural modulus by approximately 14 % on post 
irradiated material. The results in Table III represent the average of four samples. 

Table III. Flexural test results 

Flexural Modulus 
Flexure Load 

at Yield 
Flexure Extension 

at Yield 
MPa N mm 

C OMP_MF_PoI 150 
Composite mercerized fiber 1,484.76 (± 17.83) 97.68 (± 0.09) 14.94 (±0.18) 

Post Irradiated 
COMP_NMF_PoI 150 

Composite non mercerized fiber 1,295.21 (± 24.05) 98.71 (± 1.19) 14.66 (± 1.03) 
Post Inadiated 

COMP_MF_PrI 15 
Composite mercerized fiber 1,278.88 (±48.13) 85.87 (± 1.24) 15.62 (±0.27) 

Pre Irradiated 
C OMP_NMF_PrI 15 

Composite non mercerized fiber 1,217.97 (± 17.49) 77.16 (±0.99) 15.57 (±0.38) 
Pre Irradiated 

COMP_MF_NI 
Composite mercerized fiber 1,143.88 (± 5.46) 77.29 (± 0.98) 15.45 (± 0.75) 

Non Inadiated 
COMP_NMF_NI 

Composite non mercerized fiber 1,104.70 (± 13.93) 79.59 (± 2.79) 15.16 (±0.24) 
Non Inadiated 

HDPE_PoI 150 
819.19 (±28.86) 83.20 (± 1.88) 18.21 (±0.48) 

Post Inadiated 
HDPE_PrI 15 

873.96 (± 18.62) 69.72 (± 0.32) 19.24 (±0.10) 
Pre Irradiated 
Neat HDPE 

666.35 (± 22.98) 63.39 (± 1.60) 17.60 (± 2.25) 
Non Inadiated 

The inclusion of fiber in non-irradiated samples improved the flexural modulus by more than 
60 %. An improvement on flexure load at yield also was evidenced. The use of irradiated 
matrix to prepare the composite acts as an important tool to improve the flexural properties of 
material. The result for composites prepared using pre-irradiated matrix, indicates the 
chemical treatment of fiber is not a major factor in flexural improvement. The results suggest 
that the crosslinking process was promoted by the irradiation process on composite and 
resulted in improvement on flexural modulus of material, mainly when it is used mercerized 
fiber is used. 

Pendulum Impact Test 

All composites showed a reduction in impact strength and complete rupture, it means that the 
material becomes more brittle with the inclusion of natural fiber. 
The result suggests a poor adhesion between fiber and matrix and that the fiber deformation 
leading to micro-cracking and fracture, fiber splitting and pullout, these affirmations will be 
supported by SEM analyses. The decrease on impact resistance of composites can be 
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attributed to fragile surface adhesiveness between fillers and matrix and to cavities formed 
within the sample. The low capacity to absorb impact energy occurs because every fiber is a 
site of stress concentration, which can act as micro-crack initiator [9l The results represent the 
average of three samples and are described on Table IV. 

Table IV. Impact test results 

Impact Strength 

KI/m2 

COMP_MF_PoI 150 
Composite mercerized fiber 25.50 (±4.16) 

Post Irradiated 
COMP_NMF_PoI 150 

Composite noil mercerized fiber 31.17 (± 3.74) 
Post Irradiated 

COMP_MF_PrI 15 
Composite mercerized fiber 18.25 (± 3.27) 

Pre Irradiated 
COMP_NMF_PrI 15 

Composite noil mercerized fiber 17.34 (± 2.47) 
Pre Irradiated 

COMP_MF_NI 
Composite mercerized fiber 26.49 (± 3.74) 

Non Irradiated 
COMP_NMF_NI 

Composite non mercerized fiber 27.04 (± 2.53) 
Non Irradiated 

HDPE_PoI 150 
46.38 (± 0.79) 

Post Irradiated 
HDPE_PrI 15 

60.05 (± 2.83) 
Pre Irradiated 
Neat HDPE 

44.47 (±2.15) 
Non Irradiated 

SEM - Scanning Electron Microscopy 
The fracture surfaces examination of the composites provided information about how the 
processing and treatment - mercerization and irradiation - affected the morphology of the 
composite, and explaining the mechanical results. The morphological aspect of composites 
and fibers was studied using Scanning Electron Mcroscope (Carl Zeiss Gemini SEM). For 
composite evaluation the impact fractured surfaces were used. All samples were gold 
sputtered. The scanning electron microscopy (Figure 2) allowed the morphological 
characterization of the fibers before and after mercerization. The mercerization process 
worked as expected, removing the wax and oils from the surface, increasing the surface area 
facilitating the interaction between fiber and the polymeric matrix. The roughness promoted 
by the treatment improved the mechanical interlocking between fiber and matrix, suggesting 
an improvement of mechanical properties. 
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Figure 2. SEM of BNPF non-mercerized 166x (a), mercerized 166x (b), mercerized 630x (c) 

Results presented on SEM micrograph corroborate the mechanical findings. The alteration on 
matrix appearance, due to the irradiation treatment, is evident. 
On non irradiate samples, Figure 3 (a) and (b), and post irradiated samples, Figure 3 (c) and 
(d) the stretching of matrix is observerd indicating a plastic deformation. On pre irradiated 
samples, Figure 3 (e) and (f), the brittle fracture is characterized by the crystalline appearance 
explaining the low energy absorbed on impact test. 

Figure 3. SEM 200x of: non irradiated composites - non mercerized fiber (a) and mercerized fiber (b); 
post irradiated composites - non mercerized fiber (c) and mercerized fiber (d); pre irradiated 

composites - non mercerized fiber (e) and mercerized fiber (f) 
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Conclusions 

The effect of mercerization of Brazil nut pod fiber with 20 % w/v NaOH aqueous solution 
was found to be insignificant in improving the performance of the composite prepared with 
this fiber and high density polyethylene, however when combined with irradiation process, its 
action is drastically enhanced. Irradiation of matrix with 15 kGy followed by composite 
preparation showed better mechanical properties indicating that the interaction between the 
matrix and filler is enhanced. 
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Abstract 

Red Ceramic materials are widely used in Civil Construction in Tropical Countries. 
However, these materials have high porosity and low mechanical strength. Thus, in 
order to improve these properties, recycle mineral wastes was incorporated into clay 
from Campos - RJ, ornamental rock waste, from the gneisses cutting of Cachoeiro - ES, 
150 km from Campos. After the addition of up 10% of waste in clay mass, ceramic 
pieces were produced and subjected to the tests of porosity (P) and flexural strength 
(FS). The test material contains 53.3% clay and 67% waste slit. The X-ray diffraction 
identified the presence of kaolinite, quartz and feldspar for the clay and, for the waste, 
quartz and orthoclase. The results of FS and P showed that the residue influenced, 
positively, the ceramic piece, with strength gains especially from 920° up to 960°C. 

Introduction 

Today, with the focus on sustainable development, there is a worldwide trend in 
encouraging the recycling. In the area of construction, the incorporation of solid waste into clay 
for the manufacturing of red ceramic pieces has been proposed by several national and 
international studies [1], 

Campos dos Goytacazes, a Brazilian municipality, has a large reserve of clays and is a 
center of red ceramics, accounting for about 40% of the Rio de Janeiro state production [2] and 
therefore, emerges as object of study. Looking for the best quality products in the mildest 
temperatures, [3] indicated the use of granite waste in red ceramics for obtaining greater 
strength and less open porosity in firing temperatures of up to 950°C. 

Thus, after subjecting red ceramic samples to flexural strength (FS) and porosity (P) tests, 
this paper presents different statistical analysis of data in order to evaluate the changes with the 
incorporation of ornamental rock waste into clay and indicate the best percentage of waste and 
firing temperature for ceramic pieces. 
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Materials and Methods 

For this study, we used the following materials: clay from the municipal district of 
Campos-RJ and ornamental rock waste from Cachoeiro do Itapemirim, Espirito Santo 
state. 

The Quantitative Chemical Analysis tests were carried out in the Materials 
Characterization Laboratory - LECIV/CCT/UENF. The samples were sieved on #325 
mesh (0.045mm) and the drying process involved the temperature of 110°C. The 
samples of clay and ornamental rock waste were sieved on #40 mesh (0.42mm) and 
dried at 110°C and were subjected to X- ray tests. Was used the energy dispersive X-ray 
equipment, model Shimadzu EDX-700. 

The particle size distribution curve, assay which determines the soil particle size and 
relative proportions, was performed by sieving and sedimentation according to NBR 7181 [4], 

The samples were prepared with clay incorporated with three different waste 
contents (i.e. 0%, 5%, and 10%) and, to ensure the homogeneity of samples, the mass 
was reduced according to [5]. At first, the ornamental rock waste powder was sieved on 
#40 mesh (0.42mm) and the retained material was discarded. Next, the pass-through 
material was ground to pass through sieve #60 mesh (0.25mm). 

After mixing the samples with 0%, 5% and 10% waste (identified as OR, 5R and 
10R, respectively), the ceramic pieces were molded in prismatic shapes of 11.70 cm x 
2.70 cm x 1.70 cm. The number of pieces (5) and the measures was carried based on 
the standards [6,7], 

The drying process involved the temperature of 110°C, and the firing 
process involved 750°C, 850°C and 950°C in an electronic oven. 

After firing, the ceramic pieces were subjected to a three loading point flexural 
strength test according to standard procedure [6] and also to the tests according to [7], 
The obtained results represent the average of 5 determinations. The three loading point 
flexural strength test was carried out with a loading rate of 0.5 mm/min with a distance 
of 9.0 cm between supports on INSTRON 5582. 

Results 

Table 1 - Chemical Analysis 

Raw 
Materials 

S i0 2 (%) 
AI2O3 
(%) 

F e 2 0 3 (%) K j O (%) TiOj (%) so3 (%) Ca O (%) M n O (%) v2o5 (%) Z r O j (%) CuO (%) Z nO (%) SrO 
(%) 

Clay 48.83 35.46 8.87 3.17 1.62 1.13 0.54 0.14 0.10 0.03 0.03 0.03 0.01 

Waste 50.09 17.60 12.47 3.70 1.83 1.56 12.39 0.19 0.55 0.03 0.02 0.04 

The Table 1 shows the composition of SÍO2+AI2O3 over 84% characterizes 
refractory clay. The clay color after fired is a consequence of 8.87% of Fe2C>3. The K 2 0 
and the CaO into clay in proportion of 3.17% and 0.54% respectively, are burning and 
melting agents and form eutectics, contributing to reduce the porosity of the material. 
The SO3 present into clay has a deleterious effect due to the output of the gas of the 
pieces, breaking them. 

For the ornamental rock waste, the silica content is about 50% and the A1203 is 
over than 17%, indicating chemical compositions of primary minerals (quartz, feldspar 
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and minerals of the mica's group). The content of Fe203 (12.48%) contributes to the red 
color of the pieces after mixing with the clay. The K 2 0 (3.70%) present into residue is 
important in the firing because reduces the porosity in the finished material. 

Q - Q u a r t z 
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Figure 1 - X-ray diffraction spectra of ornamental rock waste (a) and clay (b). 

The x-ray spectroscopy of ornamental waste, Fig. 1 (a), shows the presence of 
orthoclase (KAlSi308) and quartz (Si02). For clay, the Fig. 1 (b) shows the presence of 
kaolinite (A1203. 2Si02. 2H20), quartz (Si02) and feldspar. 

Figure 2 - Particle-size distribution of the raw materials. 

The Fig. 2 shows the particle-size distribution of clay is composed by 52% clay, 
32% of silt, 8% fine sand fraction, 6% medium sand fraction, and 2% for coarse sand 
fraction. For the granite waste the particle-size distribution shows 13% clay, 68% of silt, 
16% fine sand fraction and 3% coarse sand fraction. 

Porosity and flexural strength are shown in Figures 3 and 4. 
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Figure 3 - Porosity (a), surface plot (b) and contour plot of red ceramic pieces 
incorporated with ornamental rock waste. 

The Fig. 3 (a) indicates a decrease tendency of the Porosity of the red ceramic 
pieces with the incorporation of 10R, independent of the firing temperature. By the Fig. 
3 (b) and (c), the surface and contour plot, it is possible indicate the incorporation from 
9% up to 12% of ornamental rock waste into clay with firing temperature from 740°C 
up to 960°C. 

Figure 4 - Flexural Strength (a), surface plot (b) and contour plot (c) of red ceramic 
pieces incorporated with ornamental rock waste. 

Regarding the Fig. 4 (a) it is possible to note an increase tendency of the FS of the 
red ceramic materials, independent of the incorporated waste percentage. The addition 
of 5R and 10R increases the FS, showing better results than OR, due to the presence of 
alkaline mineral K20 (Table 1) from Feldspar (Fig. lb), and the amount of silt fraction, 
providing greater packing between particles. 

By the Fig. 4 (b) and (c) it is possible indicate the incorporation from 8% up to 
12% of ornamental rock waste into clay with firing temperature from 920°C up to 
960°C. 

Associating the best results of Porosity and Flexural Strength of the incorporation 
of ornamental rock waste, presented above, it is possible to note that the incorporation 
from 10R of waste is the most appropriated. 

Thus, aims to ensure this observation, was applied the Weibull Statistics to 
evaluate changes associated with mechanical strength of 10R samples when the firing 
temperature was changed. 
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The Fig. 5 shows the Weibull Plot for the samples with 10R fired at different 
temperatures. 

By the slope of the line, it's possible to determine, the Weibull modulus (m). The 
m value is a good standard for the analytical quality of ceramic materials [8], and his 
value represents a risk of rupture/failure and characterizes the dispersion of the FS data 
[9]. 

Figure 5 - Weibull distribution: samples with 10R fired at 750°, 850° and 950°C. 

The incorporation of 10R of ornamental rock waste into clay intensely influencied 
at Weibull modulus (m=28.3) at 950°C. This modulus ensure that the batch was more 
homogeneous, i.e., has a less propability of failure. The samples presented a bimodal 
distribution, typical of the Weibull analisys. 

Conclusion 

- The clay has a refractory character due to the high content of Si02 + A1203 and her 
color is due to the presence of Fe203> 8%; 

- The K20 melts at low temperatures forming glassy structure on cooling, decreasing 
the porosity; 

- The ornamental rock waste has K20> 3%, contributing to decreasing of the porosity, as 
happens for 10R samples at all temperatures; 

- The x-ray spectroscopy shows the ornamental rock waste, composed of primary 
minerals (quartz and orthoclase), comes from basic rocks; 

- The addition of 10R into clay improves a porosity decrease of the samples, 
especially for the firing temperature of 950°C; 

- For the Flexural Strength, the incorporation of ornamental rock waste into clay 
resulted in strength gains; 

- Analyzing the Weibull distribution, the biggest value of Weibull modulus (m = 
28.3) is at 950°C with 10R, showing the greater homogeneity of this batch; 

- By the surface and contour plot of the Porosity (P), it is possible indicate the 
incorporation from 9% up to 12% of ornamental rock waste into clay with firing 
temperature from 740°C up to 960°C; 
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-By the surface and contour plot of the Flexural Strength (FS), is possible indicate 
the incorporation from 8% up to 12% of ornamental rock waste into clay with firing 
temperature from 920°C up to 960°C. 

- Lastly, associating the surface plots it is possible to conclude that to obtain 
higher strength and lower porosity, it is indicated the use from 9% up to 12% of waste 
into clay and the firing temperature from 920°C up to 960°C. Results ensured by the 
Weibull modulus. 
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Abstract 
The modified polypropylene was obtained from isotactic polypropylene (iPP) in spheres by 
irradiation with gamma rays in the presence of acetylene. A new morphology with distinct 
rheology is obtained by this process in which occurs: degradation, branching and/or crosslinking. 
The objective of this study was to investigate the effects of thermal aging on the crystallinity and 
morphology of the modified polypropylene, High Melt Strength Polypropylene (HMS-PP). The 
thermal stability was evaluated after aging of samples using a stove at temperature of 90 °C, in 
presence of air at different periods of time. Aging effects were characterized by: 
Thermogravimetry analysis (TG), Differential scanning calorimetry (DSC), Infrared 
spectroscopy (FTIR) and Scanning electron microscopy (SEM). In thermooxidative conditions, 
the formation of oxidation products essentially involves a hydrogen abstraction by the peroxyl 
radical, leading to hydroperoxides as primary products and chemical degradation in the 
immediate crack tips. The effect of thermal degradation (chain scission and oxygen diffusion) on 
iPP was a more intense crack formation. Surface cracks increased with the aging time. In 
comparison of iPP, the modified PP samples had a morphological barrier inhibiting the 
penetration of oxygen into the sample and in consequence limit the propagation of degradation. 

Introduction 
Isotactic polypropylene (iPP) is used extensively as a matrix material in thermoplastic 
composites due to its excellent mechanical properties and relatively low cost, in which the effects 
of aging have significant interest, particularly due to prolonged exposure at service temperatures. 
A common approach for characterizing aging response in a more practical time frame is to 
conduct accelerated aging tests at temperatures above the expected service limits [1], 
The radiation induces changes in the degree of crystallinity of iPP, result from the combination of 
two opposing effects, crystallinity increase caused by chain scission and a decrease induced by 
crosslinking on the lamellae surfaces. The decrease in the degree of crystallinity additionally 
results from the radiation-induced defects within the crystals, as well as from those at the lateral 
grain boundaries [2], Gamma irradiation modified the chemical structure of polypropylene by 
enhancing the content of carbonyl and hydroxyl suggesting the occurrence of oxidative 
degradation [3], 
In thermal aging of semicrystalline polymers, the mobility of molecular segments is increased by 
thermal activation even with no changes in the molecular size. The subsequent annealing leads to 
secondary crystallization, which is facilitated by oxidative chain scission. It occurs at different 
rates depending on the depth below the surface and is influenced by oxygen diffusion and 
consumption in the polymer. Contraction of the surface layers is a consequence of 

651 



chemicrystallization and results in accelerated aging plastic materials heated in oven. To increase 
the effect of accelerated aging even further to obtain lifetime estimative of the thermooxidative 
stability has been suggested at temperatures above the melting point of the polymer [4], 
The free-radical degradation of PP consists of initiation, propagation, chain branching and 
termination leading to non-radical products. Initiation results from thermal dissociation of 
chemical bonds, whereas the key reaction in the propagation is the reaction of the polymer alkyl 
radicals with oxygen to form polymer peroxy radicals in a very fast reaction. The next 
propagation step is the abstraction of a hydrogen atom by the polymer peroxy radical to yield 
hydroperoxide polymer (POOH) and new alkyl radical. The chain branching of POOH results in 
the formation of very reactive polymer alkoxy radicals and hydroxyl radicals. The polymer oxy 
radicals can react further to form in-chain ketones or can be involved in termination reactions. 
The termination of PP radicals occurs by various bimolecular recombinations [5, 6], 
The state of the art relating to research aging of polypropylene films is possible in the 
temperature range between 60 and 150°C [7], Monitoring of the intensity of the C=0 absorption 
in the IR-spectrum provides information regarding the progress of ageing [4], 
Branching increases the susceptibility of a polymer chain to thermal oxidation because of the 
reactivity of the tertiary carbon at the branch point [8], 
The rate of degradation during processing as well as during service life depends on the chemical 
structure, presence of structural defects, impurities such as polymerization catalyst residues, the 
environment to which the polymer is exposed and the use of stabilizers. In the presence of 
oxygen, oxidation reactions mainly determine the degradation rate of the polymer. In the case of 
polyolefins even at processing temperature oxygen plays an important role [9, 10], 
In many types of degradation the interference of oxidative attack, which has an accelerating role, 
happens auto-oxidation. However, in oxidative degradation, the most commonly known 
phenomena are photooxidation and thermal oxidation (T< 300°C) and the effects are color 
changes, hardening, and surface cracking or flaking [11], 
If an elevated temperature is applied to a polymer in the presence of an aggressive chemical 
agent (often oxygen) then this may give rise to chemical reactions that may occur only very 
slowly, or not at all, at ambient temperature. During both thermal oxidation and photo-oxidation, 
chain scission occurs with releasing of molecular chain segments from entanglements, 
facilitating conformational rearrangements [12], Therefore occurs pronounced reduction in the 
molar mass and melt viscosity of the polymer [1], This allows the chain segments to take up 
lower energy states, characteristic of the equilibrium state for the material, so accelerating 
physical ageing. The material is changed irreversibly by the scission events; the physical aging 
occurs alongside the changes and it is not always obvious which has the controlling influence 
over the material properties [12], 
To study degradation, two temperatures were used in oven: 1) at 110°C under air atmospheric 
pressure, 2) 80 °C under pure oxygen at 5 MPa pressure. Very different kinetic behaviors were 
observed since induction times differ at about one order of magnitude. In both cases, Mw 

decreases abruptly after the end of the induction period showing that oxidation induces 
predominant chain scission which in turn, induces chemicrystallization and embrittlement [13], 
Our Institute developed the production of branched PP, based on the grafting of long chain 
branches on PP backbone using acetylene as a crosslink promoter under gamma radiation 
process. The objective of this study was to investigate the effects of thermal aging on the 
crystallinity and morphology of the radiation modified polypropylene. 

Materials and Methods 
The investigation was conducted with the following samples of polypropylene. (See Table I). 

Table I - MFI of samples of polypropylene spheres no additives 
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Samples / spheres Melt Flow Index / MFI = dg min"1 

1 - iPP 2.9 
2 - PP 12.5 kGy 28.0 
3 - PP 20 kGy 39.0 

The HMS-PP samples were obtained from iPP spheres (MFI = 2.9 dg min"1 from Braskem, 
Brazil) without any antioxidant. The iPP pellets were conditioned into nylon bags in which were 
fluxed with nitrogen in order to reduce as much as possible the internal oxygen concentration. 
The bags were submitted to the irradiation process in a 60Co y-source, at a dose rate of 5 kGy h"1 

monitored with Harwell Red Perspex 4034, with dose levels ranging from 12.5 up to 20 kGy in 
presence of acetylene [14-16], After irradiation, the samples were heat treated at 90 °C for 1 hour 
with the aim of promoting recombination and termination reactions and also eliminate residual 
radicals [17-19], 
The dumbbell samples were prepared by mold pressure at temperature of 190°C in type IV 
according to ASTM D 638-03 [20], Experimental aging tests of the iPP and HMS-PP samples in 
air circulation stove are showed in Figure 1. 

Figure 1. Experiment arrangement of the iPP and HMS-PP samples inside air circulation stove at 
the temperature of 90°C (A), Surface morphology of the samples iPP before (up) and after 
(down) aging in stove (B), Yellowing of HMS-PP 12.5 kGy and HMS-PP 20 kGy samples (C). 

The iPP and HMS-PPs samples were set inside stove at temperature of 90 °C, in presence of air. 
Thermal stability was evaluated at different periods of time (6, 12 and 20 days), according to 
ASTMD 3045-2003 [16,21], 

Thermogravimetric Analysis 
Thermogravimetry curves were obtained with an SDTA 851 thermobalance (Mettler-Toledo), 
using samples of about 10 mg in alumina pans, under nitrogen atmosphere of 50 mL min"1, in 
range from 25 up to 600 °C, at a heating rate of 10 °C min"1, according to ASTM D 6370-2003 
[22], 

Differential Scanning Calorimetry 
Thermal properties of specimens were analyzed using a differential scanning calorimeter (DSC) 
822e, Mettler-Toledo. The thermal behavior of the films was obtained by: (1) heating from 25 to 
280 °C at a heating rate of 10 °C min"1 under nitrogen atmosphere, (2) holding for 5 min at 280 
°C, and (3) then cooling to 25 °C and reheating to 280 at 10 °C min"1, according to ASTM D 
3418-08 [23], The crystallinity was calculated according to the equation: 
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, , AH f x 100 
Xc (%) = s-

V 7 A H 0 

Where AH / is melting enthalpy of the sample, AH0 is melting enthalpy of the 100% crystalline 
PP which is assumed to be 209 kJ kg [24,25], 

Fourier Transform Infrared Spectroscopy 
The FTIR was carried out with a Thermo Nicolet 6700 FTIR spectrometer with a Smart Orbit 
accessory, in the wavelength range 4000 to 400 cm"1. In order to ensure satisfactory contact 
between the ATR diamond crystal and the sample, three or more FTIR spectra were recorded at 
various locations on the sample. 

Scanning Electron Microscopy 
Specimens were coated with gold in a sputter coater prior to examination to avoid charging. A 
Philips XL30 SEM was used for collect secondary electron images from the samples. 

Results and Discussion 

Thermogravimetry 
The TG results indicated decomposition of the samples, Figure 2. 

Figure 2. TG curves of samples: iPP (A), HMS-PP 12.5 kGy (B) and HMS-PP 20 kGy (C), under 
thermal aging in stove for 20 days. 

As observed in the curves, Figure 2A, significant variation of onset temperature of the 
decomposition step (Tonset) displaced from 439 to 419 °C in samples. In the Figure 2B, Tonset 
decomposition of the samples displaced from 430 to 424 °C after aging. In Figure 2C, the 
temperature after 20 days was 418 °C while not aged was 432 °C. The higher difference between 
samples onset temperatures was evident in iPP, because the effect of scission chain was more 
accentuated in the non-irradiated polyolefins. Segments of the degraded polymer displaced the 
Tonset to lower values. 

Differential Scanning Calorimetry 
Duplication or multiplication of melting peaks observed can be attributed to structural reasons 
and processes. For this reason, beside the main melting peak of folded-chain crystallites, a higher 
temperature peak or shoulder appears on the melting curve [26], 
The DSC technique was applied to evaluate the temperatures of second melting (Tm2), Figure 3A, 
and the degree of crystallinity (Xc), Figure 3B. In this controlled situation defected crystals had 
time to segregate. 
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Figure 3. (A) Melting temperatures of samples: iPP; HMS-PP 12.5 kGy and HMS-PP20 kGy; 
and (B) Polypropylene crystallinity calculated after 20 days aging. 

Double melting peaks were observed in DSC and were shown to be due to re-organization during 
heating, but in some cases the segregation of highly molecules is the major reason for peak 
doubling [27], Although the crystallinity has near values, the melting temperatures reveal that 
iPP is more degraded than irradiated samples. 
In the iPP sample was observed melting temperature displacement ATm2 = 24 °C, ATm2 = 21 °C 
while for HMS-PP 12.5 kGy and ATm2 = 20 °C for HMS-PP 20 kGy, indicating morphology 
modifications of the samples crystalline phase. Melting temperature decrease demonstrates that 
chain scission is the main mechanism of the degradation. This can be attributed to modification 
in the crystal structure of iPP which resulted in the mobility of the iPP molecules that increases 
with the dose radiation. The calculated decrease of crystalline content phase in HMS-PP 12.5 
kGy and HMS-PP 20 kGy were plotted in Figure 3B, owing to chain scission mechanisms on 
aging. Contraction of the surface layers, resulting in surface cracks, is a consequence of 
chemicrystallization. 

Infrared Spectroscopy 
FTIR spectra of the samples thermal aging in stove, Figure 4. 

Figure 4. Infrared spectra by ATR technique of the: iPP (A), HMS-PP 12.5 kGy (B) and HMS-
PP 20 kGy (C), under thermal aging in stove for 20 days. 

The iPP, HMS-PP 12.5 kGy and HMS-PP 20 kGy, aged in stove for 12 days show typical 
absorption bands of carbonyl stretching in the region 1714-1730 cm"1, Figure 4, shows a 
substantial content of oxidation products. During thermooxidative ageing in a circulation air 
oven, the polymer undergoes thermooxidative degradation. Carboxylic and carbonyl groups are 
present in the end products of the oxidation. 

Scanning Electron Microscopy 
Figure 5 shows SEM secondary electron images collected from the fracture surfaces. 
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Longitudinal SEM photo of Longitudinal SEM photo of Longitudinal SEM photo of 
iPP. HMS-PP 12.5 kGy. HMS-PP 20 kGy. 

Transverse SEM photo of Transverse SEM photo of Transverse SEM photo of 
iPP. HMS-PP 12.5 kGy. HMS-PP 20 kGy. 

Figure 5. Development of cracks in longitudinal plane, 200 pm (A-C), and surface plus 
transversal cross section (at 30° - 45° of the samples corner), 1 mm (D-F), aged samples by 20 
days. 

These exposed surfaces show cracks propagation that increases with the aging time in stove with 
penetration. The diffusion of oxygen is considered significantly in accelerated test, especially in 
rapidly oxidizing polymers. Essentially all polyolefins, and particularly polyethylene and 
polypropylene, oxidize exclusively in the amorphous phase because the crystalline phase is 
impermeable to oxygen [28], 
The SEM analysis, Figure 5, shows interesting aspects of the fractured surface of the materials, 
as a result of the process of chain scission. The cracks are more pronounced in iPP then HMS-PP 
12.5 kGy and HMS-PP 20 kGy. Crack propagation is limited in the irradiated modified samples. 
The morphology of these samples with long-chain-branches was created and improves barrier 
property for O2 [29], A possible explanation to this fact is the crosslinking formation in irradiated 
samples with formation of barrier to oxygen diffusion. Intense changes in material properties 
were showed after thermal aging as well as color yellowness, crack formation, weight loss, 
surface roughness and changes in morphology. 

Conclusions 
The effects of thermal aging on iPP and HMS-PPs were mainly the intense crack formation. The 
chain scission and oxygen diffusion were more evident in the iPP. Surface cracks showed 
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propagation that increases with the aging time. The results indicate evidence that the sample of 
iPP suffered greater thermooxidative degradation and consequent chain scission than HMS-PP 
12.5 kGy and HMS-PP 20 kGy. Crack propagation is limited in the irradiated modified samples 
as effect of crosslink promoted by irradiation. 
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Abstract 

This work concerns the study of the effect of discarded bond paper on the mechanical behavior 
of polypropylene/organophilic clay nanocomposites. A brown polycationic bentonite from the 
state of Paraiba, Brazil, was treated with sodium carbonate to transform it into a bentonite that 
swells in water and then treated with hexadecyltrimethylammonium ammonium chloride to 
transform it into a bentonite that swells in organic liquids. Polypropylene with 3 % 
polypropylene graft compatibilizer (PP-g-AM) was mixed with 1 % and 2 % by weight of 
discarded bond paper and with 1% and 2% by weight of organophilic clay using a twin-screw 
extruder. The specimens were prepared by the injection process. The clay as received and after 
organophilization was characterized by XRD, SEM, and capacity of swelling in water and in 
organic solvents. The nanocomposite specimens were characterized by XRD and thermal 
analysis. The mechanical behavior of the injected specimens was evaluated by strength, flexural 
and impact tests. The nanocomposites showed improved mechanical properties compared with 
the polymer without filler. 

Introduction 

In recent times, biofibers have found increasing applications as reinforcements in polymer 
composites due to of their key advantages of being renewable and having low densities, high 
specific strengths and abundant availability. Though, surface modification of biofibers by 
chemical/physical methods may help overcome some of the issues to achieve better composite 
properties. Lately, polymer composites containing natural fillers have received substantial 
attention in both the scientific literature and industry [1], The vegetal fibers also decrease the 
thermoplastic environmental impact while improving its tensile and flexural mechanical 
properties. The lignocellulosic vegetal fibers can be obtained from different sources, depending 
on climate, localization and availability. On the other hand, working with vegetal fibers is 
challenging due to the dependence of the mechanical and chemical properties on different 
variables: such as species, climate, soil feedstocks, crop, and fiber extraction methods. These 
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conditions change for different cultivation sites, causing poor reproducibility of fiber properties 
and of the resulting composites [2], Cellulose fibres are typically recognized for their 
applicability in ecofriendly composite materials, though unlocking their filler potential remains a 
challenge for load-bearing engineering applications [3, 4], 

Polypropylene is one of the most important polymers due to its low density, low production cost, 
design flexibility, and recyclability, making it a popular preference as a matrix material in 
composites. It is hydrophobic, leading to compatibility issues when fillers with polar surfaces, 
such as cellulose, are utilized. The lack of compatibility causes heterogeneous dispersion of the 
cellulose fibers in the matrix and poor interfacial adhesion between fillers and matrix. To solve 
this problem, maleic anhydride grafted PP-g-MA has frequently been used as a compatibilizer 
for polypropylene/plant microfiber composites [5], 

An important class of nanofillers includes nanoclays that belong to the smectite group, such as 
montmorillonite. The montmorillonite belongs to the family of 2:1 layered silicates, and its 
structure has layers that are in the order of 1 nm thick [6], Montmorillonite has been used to 
prepare organoclays, because it has excellent properties, which include a high cation exchange 
capacity, swelling behavior, adsorption and a large surface area [7], The intercalation of the melt 
polymer is the most attractive method because of its easy processability, no solvent requirement 
and cost effectiveness [8, 9], Processing parameters such as temperature, residence time and 
shear stress have important effects on the structure of the resulting nanocomposites, which, in 
turn, influence the properties of the processed material. The nanocomposite properties strongly 
depend on the dispersion state of the clay; thus, an evaluation of clay dispersion is important [8, 
10-11], 

It is very important to understand how processing conditions have a big effect on the structure of 
nanocomposites during melt mixing in order to establish processing strategies which could lead 
to highly exfoliated polypropylene based nanocomposites. Few of the literatures in 
nanocomposites discussed the influence of processing conditions on the resulting 
nanocomposites' structure. An important aspect of the melt processing approach is to fulfill a 
dispersive mixing, to break the organoclay agglomerates down to individual layers [12-18], 

To obtain polymer/clay nanocomposites, the clay layers are naturally in aggregates of several 
microns, require to be separated and dispersed into the polymer matrix. The more separated and 
dispersed the clay layers are, the higher the surface area for polymer/filler interactions, better are 
the properties [19],The objective of this work is to obtain a polypropylene nanocomposite with 
using Brazilian clay and used bond paper for increasing mechanical and thermal properties of 
this nanocomposite. 

Materials and Methods 

Isotactic polypropylene (iPP) with a melt flow index of 2.2 dg min"1 (230 °C/2.16 Kg), was 
purchased from Braskem S.A., Brazil. An organophilic bentonite prepared with a commercial 
sodium bentonite (Chocolate Clay) from the state of Paraiba, Brazil, was used in this work. Four 
kilograms of discarded bond paper were collected and fragmented and placed in a plastic 
container with 40 liters of water. After 24 hours, this material was stirred with a mixer for 
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30 minutes at maximum speed of 2.800 rpm. After stirring the pulp was placed in a fabric bag 
and placed in a centrifuge to 2.300 rpm to facilitate drying. After centrifugation the paper pulp 
was passed on a 50 mesh sieve to reduce the size of the paper and then dried at 60 °C for 
72 hours. The organophilic clay and the paper with Irganox B215 FF (a blend of 0.2% of 
antioxidant and 0.4%, a thermal stabilizer) were manually mixed with coupling agent maleic 
anhydride (PP-g-MA), in a 2 wt% concentration to improve the clay adhesion to the polymer 
matrix. 

A Thermo Haake twin screw extruder was used with a temperature range of 165 to 195 °C and a 
140 rpm rotation. A Battenfeld TM 750/210 injection was used to manufacture the specimens for 
tensile strength. The temperature injection was 190°C, and the mold temperature was 60°C. For 
X-ray diffraction (XRD) was used the Diffractometer Phillips X'Pert MPD, using Cu Ka 
radiation. The mechanical tests were performed with an Instron Universal Testing Machine 
according to the ASTM D638 type 1 test standard for tensile strength. 

Thermal properties of specimens were analyzed using a differential scanning calorimeter DSC 
822e, Mettler Toledo. The thermal behavior of films was obtained by: (1) heating from -50 to 
280 °C at a heating rate of 10 °C min"1 under nitrogen atmosphere; (2) holding for 5 min at 
280 °C, and (3) then cooling to -50 °C and reheating to 280 °C at 10 °C min"1. Melting enthalpy 
value for 100% crystalline PP is 209 kJ kg"1. The nanocomposites identification is presented in 
Table I. 

Table I - Identification specimens 
Specimen Identification 

PP Polypropylene, pristine 
PP AM Polypropylene with PP-g-MA 
PPA 1% Polypropylene with 1 % in weight of organophilic clay 
PPA 2 % Polypropylene with 2 % in weight of organophilic clay 
PPC 1% Polypropylene with 1 % in weight of cellulose 
PPC 2% Polypropylene with 2 % in weight of cellulose 

PPAC 1% Polypropylene with 1 % in weight of organophilic clay and 1 % in 
weight of cellulose 

PPAC 2% Polypropylene with 2 % in weight of organophilic clay and 2 % in 
weight of cellulose 

Results and Discussion 

The Figures 1 and 2 show the values of tensile strength (MPa) and elongation at break (%) that 
were obtained from tension tests for the nanocomposite with organophilic "chocolate" clay and 
cellulose. By the results, the nanocomposite PPA 1 % had an increase of 7 % in the values of 
tensile strength compared to PP pristine. This result demonstrated enhancement with the addition 
of nanoclay. The remaining samples showed values close to tensile strength. 
In the elongation at break, the PP AM sample obtained highest elongation (922 %) compared to 
PP pristine, due to maleic anhydride addition to give a plasticizing effect with increase 
elongation. 
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Figure 1. Tensile Strength (MPa) 

Figure 2. Strength - elongation at break (%). 

The samples PPC 1 % and PPAC 1 % decreased in 236 % compared to PP pristine. This 
reduction was related with anchoring between clay and cellulose with polypropylene matrix. The 
better anchoring between clay and cellulose, the smaller will be the elongation, because it 
restricts the movement of the polymer chains. The elongation of nanocomposite PPA 1 % 
increased 411 % compared to PP pristine. It was attributed to clay structure delamination and 
anisotropy. The addition of the compatibilizing agent is accompanied by a decreased molar mass 
in the polymer and their effect on adhesion of structure to the clay. 

The flexural strength values for the nanocomposite PP with clay and cellulose at three points for 
Young's modulus 0-1 % (MPa) are in Figure 3. 
For sample PPC 2 % there was a decrease of 3 % in the modulus compared with PP pristine. 
The other samples compared with PP pristine decreased less than 3 %. Probably this reduction is 
due to difference polarity between clay and the cellulose and the polimeric matrix. The IZOD 
impact values for the nanocomposite PP with clay and cellulose are in Figure 4. 
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Figure 3. Flexural strength - Young's modulus 

Figure 4. Test of IZOD impact in nanocomposites 

All the samples presented a little reduction in the energy impact absorption compared with PP 
pristine. The samples PPC 1 and 2 % showed the higher decreased, 10 %. Possibly, this little 
quantity and the poor dispersion of cellulose in the polypropylene matrix generated internal 
tensions reducing the material ability to absorb impact energy. 

In Table II are presented the temperatures value of crystallization peaks and in Table III are 
presented the temperatures melt peaks for the nanocomposites with bentonite clay and cellulose. 

Table II - Temperatures of crystallization peaks (°C) for the nanocomposites 
PP 

pristine PPAM PPA 1 % PPA 2 % PPC 1 % PPC 2 % PPAC 1 % PPAC 2 % 

128 127 129 131 132 131 132 131 

Table III - Temperatures of melt peaks (°C) for the nanocomposites 
PP 

pristine PPAM PPA 1 % PPA 2 % PPC 1 % PPC 2 % PPAC 1 % PPAC 2 % 

176 175 174 176 175 175 177 175 
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Table II shows the small changes in the crystallization temperature of PP pristine in relation to 
the nanocomposites with "chocolate" clay and cellulose; the difference of temperature in 3 °C 
in the nanocomposites is not significant. Table III shows small changes in the melting 
temperatures of the nanocomposites of "chocolate" clay and cellulose. There was a temperature 
change of 2 °C in the nanocomposites in relation PP Pristine. 

In the Table IV are presented the crystallinity values for the nanocomposites from DSC curves. 

Table IV - Crystallinity values (%) for the nanocomposites from DSC curves. 
PP 

pristine PPAM PPA 1 % PPA 2 % PPC 1 % PPC 2 % PPAC 1 % PPAC 2 % 

47 47 47 48 49 50 46 46 

The additions of nanoparticles in semi-crystalline polymers, in general, not affect significantly 
the crystallinity of the nanocomposite materials. It has been proposed, however, that these 
particles produce a large number of nucleating sites and in turn reduce the size of resulting 
spherulites. [21]. Figure 5 shows the X-ray diffraction patterns of the nanocomposites with 
"chocolate clay". Table V presents the basal spacing values that were obtained for the 
"chocolate" clay and the nanocomposites. 

Figure 5. X-ray diffraction patterns of nanocomposite with "chocolate" clay. 

Table V - Values of basal spacing obtained from the curves in the Figure 5 
Specimens dooi (A) 

"Chocolate" clay 13.5 
PP pristine 6.2 
PPAM 6.3 
PPA 1% 14.6 
PPA 2% 14.1 
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X-ray diffraction was used to evaluate the cation exchange efficiency. The diffractograms 
showed considerable increases in the interplanar distances, indicating an intercalation of PP 
between the 2:1 layers of the clay mineral. There were decreases in the intensity of the clay 
peaks in the nanocomposites compared to pristine clay (Figure 5). This peak intensity reduction 
suggests that a certain amount of disorganization of lamellae is present, indicating that a partially 
exfoliated/partially intercalated clay mineral structure was obtained. 

Conclusions 

There was formation of nanocomposites of intercalated and partially exfoliated clay as 
demonstrated in the test X-ray diffraction. In the tensile strength, the sample with "chocolate" 
clay presented an increase of 7 % and the cellulose samples not showed any loss of tensile 
strength in relation of pristine PP. The nanocomposite with "chocolate" clay presented over 
400 % elongation compared to PP pristine. Samples with cellulose presented 236 % reduction of 
elongation in relation to the pristine PP. In the IZOD impact test there was 5 % reduction in the 
value of resistance in samples with clay and 10 % reduction in samples with cellulose. There 
were no significant changes in the thermal analysis by DSC for the hybrid nanocomposites of 
clay and cellulose. 
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Abstract 

The wastewater containing Hg2+ and Pb2+ does great harm to the environment and human bodies. 
Traditional wastewater treatment cannot fundamentally put a stop to heavy metals pollution for 
producing secondary pollution. In this paper, Hg2+ and Pb2+ in wastewater were removed and 
recovered by sulfide precipitation-flotation. Sodium sulfide was used as precipitant and butyl 
ammonium aero float was used as collector. Results indicated that Hg2+ and Pb2+ could be reduce 
to less than 0.03mg/L and 0.16mg/L respectively by both coprecipitation-floatation and fractional 
precipitation-floatation. In these two methods, fractional precipitation flotation could not only 
remove Hg2+ and Pb2+ from wastewater, but also could recover mercury and lead effectively. The 
infrared spectrograms showed that the adsorption between butyl ammonium aerofloat and 
mercury precipitate or lead precipitate is chemisorption. 

Introduction 

The industries such as mine, metallurgy, machine manufacturing, chemical industry, electronics 
and instrument, etc., produce large quantities of heavy metal wastewater every year, part of 
which is poured into waters without treatment or standard treatment, which results in the 
pollution of the aquatic environment. Heavy metal wastewater is characterized by a low pH 
value and containing heavy metal ions such as lead, mercury, chromium, cadmium, zinc, nickel, 
copper, cobalt, manganese, titanium, vanadium and bismuth. It have the following features: (1) 
they cannot be degraded by microorganisms; (2) they can be bioaccumulative in the body, which 
can endanger creatures, and endanger human body through food chains; (3)afier entering the 
body heavy metal ions can be accumulated in certain organs of the body, which causes chronic 
poisoning. Therefore, heavy metal wastewater is a kind of industrial wastewater which seriously 
pollutes the environment and endangers human being and removing heavy metals in wastewater 
effectively have become an urgent task [1,2], 

Recently, numerous approaches such as precipitation, flotation, adsorption, membrane filtration, 
electrodialysis and photocatalysis have been studied to decrease the amount of wastewater 
produced and to improve the quality of the treated effluent [3], But some of these treatments are 
costly, inefficient or easy to produce secondary pollution. 

Precipitation including hydroxide precipitation and sulfide precipitation has been the most 
common approach to treat wastewater containing heavy metal ions. Hydroxide precipitation is a 
method that removing the heavy metal ions by adding alkali to generate hydroxide precipitates [4, 
5], It has the advantages of mature technology, less investment and easy to operate. But it is easy 
to produce large amounts of sludge which may cause secondary pollution. Some hydroxides will 
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be redissolved at higher pH value, so hydroxide precipitation is not a effective method to treat 
wastewater containing multi heavy metal ions. Besides, it is difficult to obtain satisfactory results 
for some toxic ions whose emission requirements are strict like Hg2+, Cr2+ and Pb2+ by hydroxide 
precipitation. Sulfide precipitation is a method that removing the heavy metal ions by adding 
vulcanizing agent to generate sulfide precipitates [6, 7], Solubility product of sulfide precipitate 
is small than solubility product of hydroxide precipitate, so the results are less influenced by pH 
value. Residual concentration of heavy metal ions after treatment are very low, and the sludge 
containing only a little water will not cause secondary pollution. But the sulfide particles are easy 
to form colloid suspending in the solution and difficult to be precipitated. 

After precipitation treatment, recovery the heavy metals is in lavor of recycling resource and 
avoiding secondary pollution. Flotation is a simple and effective method for recovering heavy 
metals from wastewater. It includes ion flotation, colloidal flotation and precipitation flotation 
for treating large volumes of wastewater. Ion flotation can be easily influenced by other ions in 
wastewater and need much more collector [8], Colloid flotation involves the removal of metal 
ions by adsorption onto a carrier such as Fe(OH)3 and Al(OH)3. Precipitation flotation has 
several advantages that consuming a small amount of collector, could float the precipitation and 
has a high removal rate and the precipitate could be recycled as flotation concentrate [9], 

Currently, the study on fractional recovery of multi heavy metals from wastewater is very 
destitute. In this paper, the study object is wastewater containing Hg2+ and Pb2+ and 
coprecipitation-floatation characteristics and fractional precipitation-flotation characteristics of 
Pb2+ or Hg2+ are studied. Treatment of wastewater containing multi heavy metal ions by 
fractional precipitation-flotation can not only remove heavy metal ions from wastewaters 
efficiently, but also can recycle heavy metals effectively. 

Materials and methods 

Reagents and solutions 

Unless otherwise stated, all reagents used were of analytical-reagent grades, butyl ammonium 
aerofloat and terpenic oil are industrial reagents. All aqueous solutions were prepared in 
ultrapure water. Mercuric chloride (HgCl2) was used as the source of Hg 2+. A stock mercury 
solution was prepared and the working solutions were made by diluting the former with ultrapure 
water. A lead nitrate (Pb(NC>3)2) stock solution was prepared. The working solutions were made 
by diluting with ultrapure water. Sodium sulfide (Na2S • 9H20) is used as precipitant, butyl 
ammonium aerofloat is used as collector, terpenic oil is used as frother. The pH values were 
adjusted with nitric acid (HNO3) or sodium hydroxide (NaOH), from 1 to 12 measured by a pH-
meter. 

Coprecipitation-floatation 

Wastewater containing different concentrations of Pb2+ and Hg2+ with pH of 4 is carried out at 
sulfide/mercury molar ratio of l.l,sulfide/lead molar ratio of 1.5, and reaction time is 12 minutes. 
Then the wastewater is directly poured into the flotation machine, adding 10 mg/L butyl 
ammonium aerofloat and 18 mg/L terpenic oil with the flotation time of 5 minutes to recover 
scum. 
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Fractional precipitation-flotation 

Wastewater containing different concentrations of Pb2+ and Hg2+ with pH of 1 is carried out at 
sulfide/mercury molar ratio of 1.1, and reaction time is 12 minutes. Then the wastewater is 
directly poured into the flotation machine, adding 10 mg/L butyl ammonium aerofloat and 18 
mg/Lterpenic oil with the flotation time of 5 minutes to recover scum. Adjusting the pH value to 
4, the wastewater was carried out with the sulfide/lead molar ratio of 1.5 and reaction time is 12 
minutes. Then the wastewater was poured into the flotation machine, adding 10 mg/L butyl 
ammonium aerofloat and 9 mg/Lterpenic oil, and flotation time is 3 minutes. 

Results and discussion 

Coprecipitation 

The coprecipitation test results are shown in Table I . 

Table I . The results ofcoprecipitation 
Initial concentration (mg/L) Residual concentration (mg/L) 

Hg2+ Pb2^ Pb*+ 
10 10 0.01 0.30 
25 25 0.01 0.26 
50 50 0.02 0.24 
75 75 0.01 0.26 
100 100 0.02 0.37 

Table I shows that, Hg2+ and Pb2+ can be co-precipitated effectively by sulfide precipitation, 
and there are no special requirement for the ion concentration. Sulfide precipitation has good 
adaptability for different concentration o f Hg2+ and Pb2+. 

Floatation of coprecipitate 

The results of the coprecipitation-floatation are shown in Table II. 

Table II. The results ofcoprecipitation flotation 
Initial concentration (mg/L) Residual concentration (mg/L) 
Hg2+ Pb*+ H g * P b ^ _ 

10 0.01 0.05 
10 50 0.01 0.12 

100 0.01 0.12 
10 0.02 0.09 

50 50 0.02 0.16 
100 0.01 0.14 
10 0.01 0.04 

100 50 0.01 0.08 
100 0.03 0.13 

Table II shows that, for the wastewater containing different concentrations of Hg2+ and Pb2+, the 
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residual Hg24" concentration is less than 0.03mg / L and the residual Pb2+ concentration is less 
than 0.16mg / L after sulfide precipitation flotation 

Fractional precipitation 

In order to recover the heavy metals with floatation effectively, heavy metal ions should be 
separated out from the liquid and generating solid crystals. The solubility products of mercury 
sulfide (black) and lead sulfide are 1.6* 10"52 and 8.Ox 10"28 respectively. Therefore, the sequence 
of sulfide precipitation is H g 2 ^ Pb2+. The precipitation effect of heavy metal ions depend on the 
pH value and the dosage of sodium sulfide, so Hg24 and Pb2+ could be precipitated gradually by 
controlling the pH value and the dosage of sodium sulfide. The fractional precipitation test 
results are shown in Table III. 

Table III. The results of fractional precipitation 
Initial concentration (mg/L) Precipitation Residual concentration (mg/L) 

Hg2+ Pb2+ period Hg2+ Pb2+ 

10 
First 0.01 9.85 

10 Second 0.01 0.15 

10 50 
First 0.02 49.25 

10 50 Second 0.01 0.23 

100 First 0.03 98.15 100 Second 0.02 0.25 

10 First 0.01 9.86 10 Second 0.01 0.10 

50 50 First 0.02 49.36 50 50 Second 0.01 0.15 

100 First 0.02 99.25 100 Second 0.01 0.12 

10 First 0.01 9.85 10 Second 0.01 0.08 

100 50 First 0.02 49.45 100 50 Second 0.01 0.21 

100 First 0.03 99.35 100 Second 0.01 0.25 

Table III shows that, Hg24 could be precipitated effectively at sulfide/mercury molar ratio of 1.1 
and the residual concentration of sulfide ion is very low. Pb2+ can't generate either lead sulfide or 
lead hydroxide at the pH of 1, so there are little difference between the initial Pb2+concentration 
and the Pb2+ concentration after first precipitation. Pb2+ concentration is very low after second 
floatation, while the pH value of wastewater is among 6 to 9. The small quantity of residual 
sulfide ion and collector can be removed with molysite. 

Floatation of fractional precipitate 

Under acidic conditions, butyl ammonium aerofloat has the best collection quality for mercury 
precipitate, the small reagent consumption, the low residual reagent concentration after floatation, 
and the little influence for the non-precipitated Pb2+ in the wastewater, so butyl ammonium 
aerofloat was chosen as the collector of fractional precipitation-flotation. The test results of 
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fractional precipitation-flotation are shown in Table IV. 

As can be seen from Table IV, the residual Hg2+ concentration is less than 0.03mg/L after first 
floatation, there was little difference between the initial Pb2+ concentration and the Pb2+ 

concentration after first floatation. The XRD test result of first floatation scum was shown in 
Figure 1, the result shows that the first floatation scum which contained mercuric sulfide, 
trimercury disulfide dichloride, mercury disulfide dichloride and a small quantity of lead sulfide 
can be recovered as mercury product. The residual Pb2+ concentration was less than 0.14mg/L 
after second floatation, and the second floatation scum which didn't contain mercury can be 
recovered as lead product. 

Table IV. The results of fractional precipitation-flotation 
Initial concentration (mg/L) Floatation Residual concentration ( mg/L) 

Hg2+ Pb2+ period Hg2+ Pb2+ 

10 First 0.02 9.05 10 
Second 0.01 0.04 

10 50 First 0.01 47.95 10 50 Second 0.01 0.12 

100 First 0.03 94.15 100 Second 0.02 0.16 

10 First 0.01 9.46 10 Second 0.01 0.10 

50 50 
First 0.02 47.36 

50 50 Second 0.01 0.05 

100 First 0.02 94.25 100 
Second 0.01 0.14 

10 First 0.01 9.00 10 Second 0.01 0.08 

100 50 First 0.03 47.48 100 50 Second 0.01 0.13 

100 First 0.02 95.35 100 Second 0.01 0.10 

Action mechanism between collector and precipitate 

The infrared spectrograms of butyl ammonium aero float reacting with mercury precipitate and 
lead precipitate are shown in Figure 2 and Figure 3 respectively. The stretching vibration 
absorption peak and bending vibration absorption peak of N-H are 3109.6cm1 and 1404.8cm1 

respectively. The asymmetric stretching vibration absorption peak and symmetric stretching 
vibration absorption peak of CFb are 2962.5cm"1 and 2877.7cm"1 respectively. The symmetric 
stretching vibration absorption peak o fP -O-C is 969.4cm"1. The stretching vibration absorption 
peaks ofP=S are 684.5cm"1 and 556.9cm"1. The infrared characteristic absorption peaks of butyl 
ammonium aerofloat reacting with lead precipitate arel616 cm"1, 1465.5 cm"1, 1385.5 cm"1, 
1268.9 cm"1 and 733.6 cm"1. According to the study ofMingfei He [10], it can be known that the 
adsorption between butyl ammonium aerofloat and lead precipitate is chemisorption. A new 
characteristic absorption peak appears in the infrared spectrogram of butyl ammonium aerofloat 
reacting with mercury precipitate, the adsorption between butyl ammonium aerofloat and 
mercury precipitate is chemisorption. The characteristic of chemisorpption is that the absorption 
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is irreversible and the combination between collector and sulfide precipitate is very substantial, 
so desorption is difficult to occur in the flotation process. 

26 ) 
Figure 1. XRD patternof scumproduced by the first flotation 

Wavenumber (cm"1) 

Figure 2. Infrared spectrogram of mercury precipitate and butyl ammonium aero float 
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Wavenumber (cm"1) 
Figure 3. Infrared spectrogram of lead precipitate and butyl ammonium aero float 

Conclusions 

(1) For wastewater containing different concentrations of Hg24 and Pb2+, the residual 
concentrations ofHg2 + and Pb2+ can be reduced to less than0.03mg/Land 0.16mg/L respectively 
by both coprecipitation-floatation and fractional precipitation-floatation, among which, fractional 
precipitation-flotation can separate and recover mercury and lead effectively. High ion 
concentration wastewater has higher recovery effect and recycling value. 

(2) The adsorption between butyl ammonium aerofloat and mercury precipitate or lead 
precipitate is chemisorption, and the chemisorption is very substantial. 
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Abstract 

With the development of industrial processes and the consequent emergence of 
numerous products that quickly become necessities, industrial activity has acquired an 
essential character today. Although its importance is unquestionable, industrial activity 
is responsible for generating quite a large number of residues, with different shapes and 
characteristics. It has been observed, in particular the grits (Kraft process in the 
cellulose industry) and the residue from the processing of granite. And, given the 
importance of Portland cement as a building material, its vast employment and waste 
properties that resemble components of the clinker, it was decided to produce 
cementitious compounds from these industrial wastes. The residues were subjected to 
mineralogical, chemical, physical and morphological. And, the mixing ratio between the 
residues in the 70% and 30% grits residue granite was sintered at 1250 ° C furnaces to 
burn threshold of 6 hours forming new compounds observing tri-calcium alumínate and 
di-calcium silicate that are compounds found in portland cement. 

Introduction 

The incorporation of waste from various industrial activities in cementitious 
products is an alternative technology to reduce both cost and environmental impact 
caused by the indiscriminate release of these wastes. 

Binder is a binder material, usually powdery, which promotes unity between the 
grains of inert material (aggregate). Are used in obtaining the folders, mortars and 
concretes. And a hydraulic binder widely used is Portland cement. 

Portland cement is composed of silicates and aluminates which when mixed with 
water, is hydrated, resulting in the hardening of the mass, which may then provide high 
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mechanical strength. This binder depends for its manufacture of minerals: limestone, 
clay and gypsum (plaster). In the manufacturing step, the raw material (clay and 
limestone), finely ground and intimately mixed, are heated to melting principle (about 
1400 ° C) in long rotary kilns which maybe up to 90 m long and 3.5 m in diameter. The 
partially melted material leaving these furnaces is called "clinker." The "clinker" is 
cooled and mixed with a small amount (2% to 3%) of crude or ground gypsum. This 
mixture is then reduced to a very fine powder in large ball mills: the Portland cement 
trade. 

Then it follows that the Portland cement is basically formed by limestone and 
clay, and previous studies it was observed that the Grits and industrial waste residue of 
Granite Court has properties similar to those of cement compounds. 

The grits is generated during the chemical recovery cycle of pulp by the kraft 
process. This residue consists essentially of calcium carbonate. According CENIBRA 
(2013), the production of 1.0 ton of pulp produced 223 kg of solid waste, taking the 
study of application of the residue of cellulose production as an alternative material to 
become more relevant in the civil construction. 

The residue consists of granite rock powder plus water and comes from using 
diamond wire looms. It is a silica-alumina material. The processing of dimension stone 
is divided into two stages: extraction of the blocks in the mines and processing in 
sawmills. In the step of processing the blocks, there is the generation of a large volume 
of waste. About 20 to 25% of the transformed block is split in powder sheets through 
the system looms. This amount can reach 25-30% of the block volume (REIS & 
TRISTAN) [1], High value that justifies the search for better waste disposal. 

Alternative materials have ecological benefits and will consequently enable 
buildings at lower cost. However the feasibility of recycling waste depends on a few 
factors such as: i) proximity to the processing facility; ii) cost of transportation of waste; 
iii) volume of waste available for reprocessing; iv) cost of storage of waste on site 
generation or away from the source. 

Materials and Methods 

For waste characterization used in this research, first samples of the generating 
industries were collected and then taken to the Laboratory of Building Materials of the 
Federal University of Vijosa. The residue was ground and passed through a sieve # 200, 
then mixed in the ratio 70% and 30% of grits residue granite. This ratio was established 
so that the mixture was in the range of production of cement industry, which will then 
be evaluated by EDX testing. The composition of a typical Portland cement clinker 
contains 67% CaO, 22% Si02, 5% AI2O3, 3% Fe203 and 3% of other components 
spread over four distinct stages, referred to as alite, belite, aluminate and phase ferrite. 
The alite is 50 to 70% of clinker, and is comprised of tricalcium silicate (Ca3SiOs) also 
referred to as C3S modified in composition and crystal structure by the incorporation of 
ions, especially Mg2+, Al3+ and Fe3+, among others. The belite which constitutes 15 to 
30% of clinker consists of dicalcium silicate (Ca2SiC>4) also called C2S modified by the 
incorporation of ions, especially Mg2+, Al3+, Na+, Ti4+, Ba2+, Fe3+. The aluminate phase 
is 5 to 10% of clinker and is formed by tricalcium aluminate (Ca3Al2C>6), known as C3A, 
modified in composition and sometimes in structure by the incorporation of ions mainly 
of Si4+, Fe3+, Na+ and K+. Already the ferrite phase which is 5 to 15% of clinker, is 
formed of iron tetracalcium aluminate (Ca2AlFeOs), known as C4AF, modified in the 
composition ratio Al/Fe and incorporation of ions (Taylor, 1990) [2], 
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After mixing the materials were sintered at a temperature of 1250°C in an oven 
and slowly cooled. This indicates a first problem for successful research, the cement 
industry as well as sintering at a temperature higher than 1450°C, and then rapidly cools 
the clinker, which second (Martins, 2003) [3], if it occurs, can changing the crystal 
structure, damaging the crystal form of alite and belite, which significantly alters the 
mechanical strength. Figure 1-a and 1-b sets the rounded shape of the first due to rapid 
cooling, the second with slow cooling, the formation of crystals of belite. 

Figure 1-a Figure 1-b 

Figure 1. Photomicrograph of clinker - belite crystals (MARTINS, 2003)[3] 

Tests for specific gravity (NM 23, 2000) [4] were performed, specific area (NBR 
7224, 1984) [4], evaluation of the method pozzolanicity Luxan and the NBR 5752 [4], 
expandability Le Chatelier (NBR 3435, 1991) [4], XRF waste and the mixture before 
and after sintering, in addition to the testing of compressive strength of sintered and 
ground material passed through the sieve # 200. Figure 2-a shows the burning furnace 
and Figure 2-b, the sintered mixture. 

Figure 2-a Figure 2-b 

Figure 2. Mixture before and after firing 
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Results 

The density and specific area of the sintered and ground material was 3,09g/cm3 

and 333.0 kg/m2. The assay method of the pozzolanic Luxan is shown in Table 1 below. 

Table 1 - Test Luxan 

Cement Portland Clinker (1250V) Industrial Clinker 

Initial read (mS/cm) 12.17 11.27 11.47 
End read (mS/cm) 13.34 11.06 11.87 
A (mS/cm) -1.17 0.21 -0.40 

As was expected, the material showed no pozzolanic characteristic by Luxan 
method. The assay was also performed by pozzolanic NBR 5752 [4] method is shown in 
Figure 3 below. 

Figure 3. Evolution of compressive strength (Mortar A - commercial cement mortar B -
35% replacement of cement clinker by the 1250°C, Mortar C - 100% of the clinker 

1250°C) 

The strength of the sintered material 1250°C (Mortar C) is much lower compared 
with the mortars A and B, which can be explained by the material being sintered 
suboptimal 1450°C temperature and slow cooling, but showed an increase in resistance 
and caking properties 
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The chemical composition of the raw material obtained by XRF, is presented in 
Table 2. 

Table 2 - Chemical composition by XRF of the raw material given in terms of oxides 

Composition CaO Si02 AW 3 Fe203 S03 

100% WGRA 3.78 68.83 15.82 2.05 1.84 
100% WGRI 94.40 2.14 0.00 0.36 0.29 
70% WGRA+30%WGRI 66.21 22.88 5.51 1.16 1.47 
MIXTURE 1250°C 60.90 26.50 7.67 1.38 0.96 
CEMENT COMPOSITION (Petrucci, 2005) 60 a 67 17 a 25 3 a 8 0.5 a 6 < 3 

WGRA - wast granit; WGRI - wast grits; 

The sintered mixture 1250°C showed values very close to the band indicated by 
PETRUCCI [5], the amount of SiC>2 getting very close to the ideal. The test 
expandability Le Chatelier, which have characteristic evaluate the scalability of the 
cementitious material with respect to both the instability of the curing mass into the cold 
water as curing in hot water is shown in the table below and according NBR 3435[4], 
the value should be less than 5 mm. 

Table 3 - Expandability 

Material Needle Needle Needle Needle Needle Needle 

01 02 03 04 05 06 

Expandability hot 0.0 0.0 0.5 
Expandability cold 0.0 0.0 0.0 

The test can be observed that the material sintered at 1250°C were lower than the 
values established in NBR 3435 [4], 

Conclusion 

• Material presented caking characteristics; 
• The firing temperature is a determining factor in the quality, because the formation of 
crystalline compounds depends on the efficient sintering of the mixture; 
• Cooling is also a factor, because the shape and performance of mainly crystals of Alita 
and Belita may be harmed; 
• You can develop binders for different application from the mixture of industrial waste 
with similar chemical characteristics to the raw materials of cement industry, 
• The pozzolanic material does not present characteristic thus increasing the pulp 
strength is related to the formation of calcium silicates and calcium aluminates and not 
the activity of silica present in the mixture; 
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Abstract 

The glass tube of spent fluorescent lamps is contaminated with mercury, which might be a 
serious hazard in the case of conventional recycling by melting with other glasses. A possible 
solution could be its incorporation into a clay body to fabricate common fired ceramics such as 
bricks and tiles. The objective of this work is to characterize a type of fluorescent lamp glass 
waste to be incorporated into a clayey ceramic. The characterization was performed in terms of 
wettability tests to evaluate the interaction between the surface of the clayey ceramic and glass 
waste as a function of the firing temperature. The results showed that the contact angle decreased 
with increasing temperature, reaching a value of 79°, at a temperature of 1100°C, but not 
sufficient to completely wet the ceramic. However, compatible chemical composition and 
reduction of porosity by the flow of soft glass waste between the clay particles favor the 
consolidation of the ceramics structure above 900°C. 

Introduction 

Fluorescent lamps use mercury (Hg) as a vital component for the emission of light. This toxic 
metal is associated with contamination of soils and waters as well as absorption by animals and 
plants causing serious diseases. As part of the food chain, these Hg-containing animals and 
plants could be responsible for human health problems. The environmental contamination by Hg 
from spent fluorescent lamps is a worldwide situation, which is aggravated in Brazil due to the 
accelerated substitution of incandescent lamps [1], Indeed, the Brazilian government is 
promoting a saving in energy program, "Piano Nacional de Eficiência Energética" (National Plan 
for Energy Efficiency) [2] to replace all incandescent lamps by florescent ones. This program 
determines that, by July 2016, incandesce lamps shall no longer be produced or commercialized 
in Brazil. On the other hand, the production of lower energy consuming fluorescent lamps is now 
being encouraged in the country [3]. 
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Despite the advantages of energy saving, the glass tubes of spent fluorescent lamps will pose an 
increasing environmental contamination and health problems in Brazil, owing to the Hg release 
to the ambient. A solution, which is already being conducted, is the Hg decontamination of the 
spent fluorescent lamps glass tubes [1], However, the glass waste resulting from his 
decontamination process still contains traces of Hg and, therefore, should not be directly 
discarded or recycled in conventional smelting with other glasses. A more secure solution is the 
incorporation of limited amounts of fluorescent lamp glass waste (FLGW) into clayey ceramics 
for building construction [1], The clayey ceramic production is currently one of the industrial 
sectors that have traditionally been used for incorporation of several types of wastes [4], This has 
the advantage of not only mitigate the environmental impact but also recycle the waste to 
improve the clayey ceramic properties. In particular, glass wastes are being investigated as 
possible incorporation to clayey ceramics [4-10], One aspect that has not yet been fully studied 
in the incorporation of glass wastes is its surface interaction with the clayey ceramic. This study 
is based on wettability tests that are essential to determine the efficiency of bonding formation 
between a solid substrate, the ceramic, and a fluid, the molten glass waste. The wettability test 
measures the contact angle (6) between the tangent line separating the fluid/solid interface [11] 
from a drop, spontaneously spread onto the substrate, as schematically shown in Fig. 1. 

Figure 1. Schematic of a fluid drop spontaneously spread onto a solid substrate. Interface 
energies: solid/liquid = ySL; liquid/vapor = yLV; solid/vapor = ySv- [11] 

The results of wettability tests, Fig. 1, allow the comprehension of the surface interaction 
mechanism and contribute to select the adequate formulation of phases as well as the convenient 
firing temperature. In the present work, the change with temperature of the wettability behavior 
of a FLGW with respect to a clayey ceramic was investigated. 

The basic materials used in the present work were a fluorescent lamp glass waste (FLGW) and a 
clayey ceramic. The FLGW was supplied by Brazilian decontamination firm "Brazil - Comercio 
e Servifos", which uses a "Bulb Eater" equipment, Fig. 2(a), of the Air Cycle Corporation. The 
decontaminated FLGW was crushed, Fig. 2(b), and still contains a small amount of Hg that is not 
considered harmful. According to the supplier, the FLGW is a type of soda-lime glass and 
classified by Brazilian norm [12] as Class II-A; non-dangerous but not inert. In a previous work 
[1], it was found by optical dilatometry that the same FLGW exhibits a range of working 
temperature in its pasty condition from 868 to 1049°C and complete melting at 1117°C. 

The clayey ceramic used as substrate, Fig. 1, was a typical mixture of kaolinitic clays kindly 
provided by the "Rodolfo Gama Azevedo - Sardinha" ceramic industry located at the municipal 
area of Campos dos Goytacazes, state of Rio de Janeiro, Brazil. 

Materials and Methods 
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To perform the wettability tests, in which the contact angle 6 in Fig. 1 is established by the 
balance between the surface tensions, both the clayey ceramic substrate and the FLGW had to be 
especially prepared. Press-molded 25 x 25 x 10 mm ceramic plates were first dried in a stove at 
110°C for 24 h and then sintered in an electrical laboratory furnace at 1100°C for 120 min. 

Figure 2. Hg decontamination of glass tubes of fluorescent lamps: (a) "Bulb eater" equipment, 
and (b) glass fragments produced in the crushing system of the equipment. 

The as-received crushed FLGW, Fig. 2(b), was first sieved to 100 mesh (0.149 mm) and then 
mixed with about 10% of liquid styrene for a pasty consistency to facilitate handling. The 
mixture was press-molded at 50 MPa in a model MA 098/C Marconi hydraulic press to produce 
cylindrical samples with 4.0 mm in diameter and 4.5 mm in height. 

Wettability tests were conducted with the cylindrical samples (FLGW powder mixed with 
styrene) placed onto she sintered clayey substrate, Fig. 3, and introduced inside an alumina 
tubular Lindberg/Blue electrical furnace. Separated samples were heated under air at different 
temperatures of 850, 900, 950, 1000, 1050 and 1100°C with a heating rate of 10°C/min and 
dwell time of 10 min. The image of the geometrical transformation of each heated sample was 
registered in a model Meteor 2 Matrox capture plate operating with a digital JVC-color video 
camera coupled with a 4/50 objective lens and controlled by a Leica image software. At the end 
of each experiment, the sample was rapidly cooled to preserve the geometrical change and a 
picture of the sample was taken with a digital Sony camera. The contact angle was measured in 
the picture using the Image J computer program. 

Figure 3. Wettability test sample of a cylindrical glass waste (FLGW) placed onto a clayey 
ceramic substrate. 
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The FLGW particles and the sintered clayey ceramic substrate were analyzed by scanning 
electron microscopy (SEM), after gold sputtering, in a model JSM 6460 Jeol microscope 
operating with 20 kV. 

Results and Discussion 

Figure 4 shows SEM images of FLGW particles (a) and the surface of a 1100°C sintered clayey 
substrate (b). In Fig 4(a) it is observed a broad range of particle sizes from about 1 to 100 (im. 
Most of the small particles are forming agglomerations, probably due to electrostatic forces. This 
condition did not apparently affect the high temperature softening to form the molten drop of 
glass for the wettability tests. 

Figure 4. SEM images of (a) fluorescent lamp glass waste particles and (b) surface of the 1100°C 
sintered clayey substrate. 

The relatively flat surface of the clayey ceramic substrate sintered at 1100°C, Fig. 4 (b) reveals a 
smooth appearance with cracked contours of possible regions associated with crystalline 
domains. This flat and smooth surface is convenient for the spread of the molten glass, which 
allows the contact angle in Fig. 1 to be measured. 
Figure 5 shows a sequence of images illustrating the FLGW cylindrical sample, Fig. 3, behavior 
with increasing sintering temperature. In Fig. 5(a), at 850°C, the bulging of the cylindrical lateral 
surface indicates that the FLGW is beginning to soften, as expected for a soda-lime type of glass 
[1], At 900°C, Fig. 5(b), an almost spherical shape of the sample, associated with a 6 = 180°, 
indicates that the glass waste is still unable to wet the substrate. This is interpreted as a non-
adhesion condition between the two materials [14], 

Figure 5. Fluorescent lamp glass waste behavior during wettability tests onto a clayey ceramic 
substrate at different temperatures. 
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At 1050°C, Fig. 5(e), the sample assumes an almost semi-spherical shape with 6 = 64°, which is 
related to the melting point [15]. Actually, this temperature is lower than the melting point of a 
soda-lime glass. However, as a waste, the FLGW is certainly contaminated with impurities that 
contribute to lower the melting point. At the limit temperature investigated of 1100°C, Fig. 5(f), 
the contact angle of 6 = 79°, is an indication that the FLGW has not yet presented a good 
wettability with the clayey ceramic. Indeed, a perfect wetting would occur for a contact angle 
close to zero, i.e., 6 = 0°. Therefore one may infer that the FLGW at 1100°C has not decreased 
its viscosity to permit and efficient infiltration inside the open pores of the clayey ceramic 
structure. In spite of the low wettability, the FLGW may still contribute to consolidate the clayey 
structure at temperatures above 900°C. The soft glass waste, even with low viscosity, might be 
squeezed in between the hard particles of the clayey ceramic during industrial firing operation. 
This process partially contributes to close the clayey particles open interspaces. Moreover, a 
typical soda-lime glass composition (74% Si02; 16% NaO; 5% CaO; 4% MgO; and 1% A1203) 
[16] is compatible with the clayey ceramic composition [5], This also helps to form effective 
bonding between the soft/molten FLGW and the clay particles during high temperature sintering. 

As a final remark, it should be emphasized that the wettability behavior shown in Fig. 5 
indicates that, above 900°C, a sensible adherence begins to take place between the FLGW 
vitreous phase and the clayey ceramic substrate. Although the area of contact was slightly greater 
than 7t r2 (r = sphere radius) for a contact angle of 79° at 1100°C, the wettability might be 
enough to promote penetration of the vitreous phase between the clay particles. This results in 
porosity reduction at temperatures lower than those required for the contribution of solid state 
diffusion in the neat clayey ceramic. As a consequence, densification should primarily occur due 
to the flow of the FLGW soft/molten vitreous phase into the open spaces between clay particles. 
One might then expect that above 900°C the addition of the FLGW should improve the technical 
properties, mainly water absorption and mechanical strength, of clayey ceramics. 

Conclusions 

• Wettability tests of fluorescent lamp glass waste, as a fluid phase, onto a clayey ceramic 
substrate revealed a melting point at 1050°C and a contact angle of 79° at 1100°C. 

• Despite the relatively higher contact angle, which is associated with a lower degree of 
wettability, the glass waste could effectively contribute to the consolidation of the clayey 
ceramic structure above 900°C, in which 6 < 180°. 

• The compatible composition of the soda-lime type glass waste and the clay particles 
contributes to an efficient atomic bonding as the fluid vitreous phase penetrates between the 
clay particles and promotes densification of the ceramic structure. 
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Abstract 

Biodegradable starch/copolyesters/silica nanocomposite films were prepared by melt extrusion, 
using a twin screw extruder machine and blown extrusion process. The influence of the silica 
nanoparticle addition on mechanical and thermal properties of nanocomposite films was 
investigated by tensile tests; X-rays diffraction (XRD), differential scanning calorimetry (DSC) 
and Scanning electron microscopy (SEM) analysis and the correlation between properties was 
discussed. The results showed that incorporation of 2 % (wt %) of SiC>2 nanoparticle in the blend 
matrix ofPBAT/Starch, resulted in a gain of mechanical properties of blend. 

1. Introduction 

Due to environment and sustainability issues, this century has witnessed remarkable achievements 
in green technology in the field of materials science through the development of biocomposites. 
The development of high-performance materials made from natural resources is increasing 
worldwide. With the developments of biodegradable materials, other researchers are trying to use 
directlythe biomass constituents to manufacture polymeric materials [1,2], Increasing population, 
scarcity of raw materials coupled with global warming issues has governments and corporations 
looking for opportunities such as recycling and biodegradability to expand material performance 
[3], Since plastic packaging materials are often contaminated by food materials and biological 
substances, recycling of these materials is often impractical and most of the time not economical 
[4]. Biopolymers should be used in those applications where biodegradability and/or the derivation 
of natural resources gives added value, particularly, where valuable petroleum-based plastics are 
used for applications with a short life time [5], 

In recent years, the synthesis of potentially biodegradable polymers is of considerable significance 
and has receiving much attention. However, the mechanical properties of biodegradable polymers 
are very poor for many applications. Biocomposites obtained by the combination of biodegradable 
polymer as the matrix material and biodegradable fillers (rice husks, bagasse ashes) as the integral 
part is also expected to be biodegradable, since both components are biodegradable and can 
contribute to reduce the use of non-biodegradable plastic materials and improving management of 
solid waste disposal. Moreover, recent developments are raising the prospects that naturally 
derived resources, the biobased materials, will be a major contributor to the production of 
industrial products [6-8], 
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Among commercial biodegradable plastics, poly (butylene adipate-co-terepthalate) (PBAT), an 
aliphatic-aromatic copolyester is one of the most promising biodegradable materials because they are 
readily susceptible to biological attack [9], PBAT has gained research and industry attention due 
to good processability in extrusion lines LDPE; besides PBAT begins to degrade after only few 
days in soil and enzymatic environments in contrast to petroleum derived polymers, such as 
polypropylene, polyethylene, that takes hundreds or even thousands of years to degrade [9,10], 

Starch, is widely available raw material, a low cost renewable agro-resource composed of amylose 
and amylopectin polysaccharides and one of the most studied and promising agro-resources for 
the production of biodegradable polymers as matrices for biocomposite applications. However, 
starch itself is very brittle, hydrophilic and its mechanical properties are very poor for many 
applications [10-12], The blending of starch with conventional polymers is a promising approach 
to improve its drawbacks. Recently, many efforts have been made to blend starch with 
biodegradable synthetic polymers [10-12], Polymer blending is a well-used technique whenever 
modification of properties is required, because it uses conventional technology at low cost. The 
usual objective for preparing a novel blend of two or more polymers is not to change the properties 
ofthe components drastically, but to capitalize on the maximum possible performance of the blend 
[13]. The combination of PBAT with starch in a blend (PBAT/Starch), aims to bring the best 
characteristics for a biodegradable material, therefore aliphatic polyesters are the most promising 
biodegradable materials because they are readily susceptible to biological attack [14, 15]. 

The addition of nanofillers into a biodegradable polymer matrix leads to the creation of a novel 
class of materials, called nano-biocomposites, which combine nano-materials with an 
environmental approach. Lately, researchers have reported the improvements of biopolymer 
properties by incorporation of nano particles, such as clay, silica, layered silicate nanoparticles, 
calcium carbonate, zinc oxide and titanium dioxide. In general, these researchers have reported 
that the incorporation of nanoparticles improve mechanical properties, as well as barrier and 
antimicrobial properties of biopolymers [16, 17]. The aim of this work is to produce and evaluate 
the properties of biodegradable flexible film consisting of biodegradable copolyester, modified 
Starch and silica nanoparticle. 

2. Material and Methods 

2.1. Materials 

The materials used in this work were biodegradable Aliphatic-aromatic copolyester (PBAT) with 
modified starch and silica nanoparticle. 

2.1.2 Preparation of blend and composite 

Modified starch and PBAT pellets and the silica nanoparticles were dried at 60 ± 2 °C for 4 h to 
reduce its moisture content to less than 2 %. The Starch/PBAT blend (40 %/ 60% based on wt %) 
and Starch/PBAT with 2 % (wt %) of silica nanoparticle were prepared by melting extrusion 
process, using a co-rotating twin screw Haake Rheomex P332 extruder. The extrudates coming 
out of the extruder were cooled down for a better dimensional stability, pelletized by a pelletizer, 
dried again at 60 ± 2 °C for 4 h and fed into an extrusion blow molding (laboratory line), and films 
samples were obtained. 
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3. Characterization 

3.1. Mechanical tests 

Tensile tests were determined using an INSTRON Testing Machine model 5564, according to 
ASTM D 882-91 in order to evaluate the mechanical behavior of the materials studied. Each value 
obtained represented the average of five samples. 

3.2. X-rays diffraction (XRD) tests 

X-rays diffraction (XRD) was recorded on a Simens - D5000 diffractometer operated at 40 kV and 
40 mA, with CuKa radiation (X= 15.4 A). 

3.3. Differential scanning calorimetry (DSC) 

DSC analyses were carried out using a Mettler Toledo DSC 822e from 25 to 200°C at a heating 
rate of 10 °C/min under oxygen atmosphere. DSC analyses of the materials were performed on 
four samples of the irradiated and non-irradiated materials. 

3.4. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) analyses were carried out using a LX 30 (Philips). The 
samples were cryo-fractured under liquid nitrogen, and then the fractured surface was coated with 
a fine layer of gold and observed by scanning electron microscopy. 

4. Results and Discussion 

4.1. Mechanical tests results 

Tensile test results - Table I summarizes the mechanical tests results for the flexible film from 
PBAT/Starch Blend and PBAT/Starch/SiC>2 nanocomposite. These results shown the average 
values calculated from the data obtained in tests, with standard deviations less than 10 % for all 
tests. 

Table I. Mechanical tests results for the flexible film from PBAT/Starch blend and 
PBAT/Starch/SiC>2 nanocomposite 

Test PBAT/Starch Blend PBAT/Starch/Si02 

Tensile strength at break (MPa) 27.6 36.8 

Elongation at break (%) 390 650 

Young's Modulus (MPa) 18.7 20.8 

Figure 1 shows the diagram stress (MPa) against strain (mm/mm) for the PBAT/Starch blend and 
PBAT/PLA/SiC>2 nanocomposite. These results shown the average values calculated from the data 
obtained in tests, with standard deviations less than 10 % for all tests. 
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Figure 1. Diagram Stress (MPa) against Strain (mm/mm) the PBAT/Starch blend and 
PBAT/PLA/Si02 nanocomposite 

As can be seen in this Figure the addiction of SiC>2 nanoparticle in PBAT/Starch blend improved 
the tensile strength, Young modulus and elongation at break. 

4.2. X-rays diffraction (XRD) analysis results 

The XRD patterns of PBAT/Starch blend and PBAT/Starch/SiC>2 nanocomposite are shown in 
Figure 2. It can be seen, the XRD spectrum of PBAT/Starch blend showed a prominent 26 peak at 
around 6.70, which has drastically reduced of intensity due to SiC>2 nanoparticle addition. 

Figure 2. XRD diffraction patterns for the PBAT/Starch blend (a) and PBAT/Starch/SiC>2 
nanocomposite (b) 
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4.3. Differential Scanning Calorimetry DSC) analysis results 

The average values of melting enthalpy (AHm) and melting temperature (Tm) of the materials 
studied are given in Table II. As it can be seen, the melting temperature and enthalpy of 
PBAT/Starch/SiC>2 nanocomposite were higher than PBAT/Starch blend indicating good 
miscibility between the components of the blend. 

Table II. DSC analysis results of materials studied 

Materials 
Melting Temperature 

(Tm, °C) 

Melting Enthalpy 
(AHmJg1) 

PBAT/Starch blend 

PBAT/Stareh/Si02 

nanocomposite 

129.1 

134.7 

130.5 

145.2 

4.4. Scanning Electron Microscopy (SEM) analysis results: 

SEM micrographs of cryo-fractured surfaces of PBAT/Starch blend and PBAT/Starch/SiC>2 
nanocomposite are showed in Figure 3. 

Figure 3. SEM micrographs of cryo-fractured surfaces of PBAT/Starch blend (a) and for the 
PBAT/Starch/SiC>2 nanocomposite (b) 

As it can be seen, both blend Fig. (3a) and nanocomposite Fig. (3b) showed a slightly rough cryo-
fractured surface. However, from Figure (3b), it can be see that there isn't agglomerates in the 
surface of the blend due to SiC>2 nanoparticle addition. 

5. Conclusions 

The aim of this study was to process and investigate the changes in the mechanical and 
morphological properties of the biodegradable PBAT/Starch blend due to the incorporation of SiC>2 
nanoparticle. Results showed that incorporation of 2 % (wt %) of SiC>2 nanoparticle in the blend 
matrix of PBAT/Starch, resulted in a gain of mechanical properties of blend. The DSC analysis 
results indicated that blending PBAT with Starch, followed by of SiC>2 nanoparticle addition 
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caused structural changes in the polymeric chains of blend component, increased the original 
melting enthalpy and temperature of blend, and consequently, increased the crystallinity 
percentage. 
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Abstract 

Slag from smelting reduction processes were characterized by chemical analysis, XRD, 
SEM-EDS and XRF. The results revealed Ag concentrations of 362 g/t of slag, the slag 
mineralogical characterization by XRD and SEM-EDS showed mineralogical species 
oxidized complex containing Pb, Zn, Ca, Si, Fe, As, S in its structure, silver was found in 
globules associated lead in the slag and the furutobeite specie. The leaching study was 
conducted to evaluate process variables such as NaCN concentration: from 7.8xlO"3M -
1.26xlO_1M, temperature: 25-50°C, particle size: +140 mesh to -400 mesh, stirring speed of 
750 rpm - 900 rpm. All studies were performed with a NaOH concentration of 0.2 M. The 
optimal values of silver recovery encountered in conditions of 7.8xlO"3M NaCN, agitation 
rate of 750 rpm, temperature of 35°C and with a treatment time of 240 min. We also 
observed that a particle size -400 mesh will have optimum recoveries compared to +140 
mesh, +200, +270 and +325. 

Keywords: Slag, Silver Cyanidation 

1 Introduction 

In Mexico, through history, pyrometallurgical smelting reduction processes for primary 
lead production have generated large amounts of waste slag which belong to the 
multicomponent system Pb0-Zn0-Ca0-Si02- "Fe203" [1] and also contain associated 
silver in its structure, which is originally incorporated in the original concentrates sulphide 
ores of galena (PbS). It has been found [2] the amount of Ag contained in the slag can equal 
or exceed the grades reported for some silver ores, for which recovery is potentially 
attractive. Leaching is the essential step in the process of silver recovery. The most 
common agents used for leaching gold and silver dissolution include cyanide, halides, 
thiourea, and thiosulfate [3-6], The proposed method for the recovery of silver contained 
in slag is the cyanidation process [7,8] (MacArthur-Forrest process), which is an old and 
effective metallurgical process for dissolving silver low-grade ores, making metal ions in 
water-soluble complexes aurocyenide. The mechanism of dissolution of silver with cyanide 
is of considerable importance because the reactions which take place in it, it is essentially 
an electrochemical process similar to a process of corrosion of metals, in which the oxygen 
dissolved in solution is reduced to hydrogen peroxide and hydroxyl ions, with the overall 
reaction: [9] 
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2Ag + 4CN~ + 02 + 2H20 2Ag(CN)2 + 20H~ + H202 (1) 

The eyanidation method has been widely in argentiferous or auriferous minerals to dissolve 
silver and gold [10], However there is little information regarding the processing of slag for 
silver recovery by this method, perhaps due to the presence of metals "cyanicide" behavior 
such as Fe, Cu, Zn, As and Sb. Which, depending on the mineral species that form, can 
form insoluble sulphide films. For this reason, this research takes scientific interest 
(provision of information regarding the process of eyanidation tailings) and economic 
(silver recovery). To address the problem, we must then demonstrate a methodology for the 
systematic analysis of cyanide process slag and thus provide information indicating the 
most suitable conditions of composition, pH, particle size, stirring speed and temperature at 
which maximum recoveries of silver in solution is achieved. Chemical analysis of slag 
concern in this project have determined approximate concentrations of 362 g of silver per 
ton of slag. 

2. Experimental Work 

Samples of slag collected were prepared mechanically sieved to different mesh (100, 140, 
200, 270 325, 400 and -400) and characterized by diffraction of X-rays XRD (Bruker AXS 
D8 Advance), scanning electron microscopy SEM-EDS with analyzer EDS (JEOL 6300) 
and X-ray fluorescence XRF (Bruker D8 Focus). The chemical analysis of the elements 
present method was performed by inductively coupled plasma (ICP).The experimental 
study of the variables silver eyanidation was performed in a glass reactor with a capacity of 
1 L using a hot plate (Barnstead / Thermolyne Super-nova) equipped with magnetic stirring 
and temperature control. The pH of the solution was kept constant by the controlled 
addition of NaOH 0.2 M. OH" concentration was calculated based on the constant ionic 
product of water [11] and the pH of the alkaline solution according to the temperatures 
used. Three types of eyanidation tests were performed: 

. At 25°C and 4 concentrations of NaCN (7.8xlO"3M, 1.5773xlO"2M, 0.6309xl0_1M, 
1.26xlO_1M), pH= 11 and 750 rpm. 

• With a solution 7.8xlO"3M NaCN, pH =11, 750 rpm and five temperatures: 25, 30, 
35,40 y 50°C. 

. With a solution 7.8xlO"3M NaCN, pH =11, 750 rpm and four particles sizes (75, 53, 
45 y 38|_im). 

The reactor containing the NaCN concentration required for a volume of 0.5 L of solution 
was added NaOH 0.2M solution until the desired pH value, which is kept constant 
throughout the process, 10 grams of sized slag powder 38 [im were added. The eyanidation 
reaction progress was studied at different reaction times by obtaining successive samples of 
10 mL and filtered with Whatman No. 42 filter paper. The process was monitored by 
measuring the concentration of silver in solution by the method of inductively coupled 
plasma (ICP). 
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3. Results and Discussion 

Characterization of the slag 

Figure 1 shows the XRD pattern of the slags studied, which confirms that the mineral 
species present correspond to: franklinite (ZnFe2C>4) JCPD 221012, tennantite (Cu, 
Fe)i2As4Si3 JCPD 110102, Hardystonita (Ca2ZnSi07) JCPD 350745, Furutobeite (Cu, 
Ag)6PbS04) 350534 JCPD and iron oxide Fe203 JCPD 391346. It can be noted that the Ag 
compound is formed furutobeite with Pb and S, which is consistent with the results of 
scanning electron microscopy, discussed later. The general morphology of the material 
after mechanical processing performed showed particles with angled surfaces (Figure 2), 
product type fracture of a brittle material, such as the slag studied, whose matrix consists 
vitreous species, similar to those previously reported by V. Ettler et al [12]. Other species 
such as lead and calcium silicates were not identified with much certainty, so that it is 
believed that some amorphous phases could be crystallized in the slag system studied. For 
this reason they were not placed in the spectrum shown. 

Figure 1 Diffraction pattern of slag Figure 2 SEM micrograph of the 
morphology of slag particles 

The chemical analysis of silver in the slag for each of the meshes (100, 140, 200, 270 325, 
400 and -400) conducted by atomic absorption technique shown in Table I. It can be seen 
that the greater amount of silver is in the mesh - 400 (38pm particle size) with 304 gr 
Ag/ton slag, which is why it was decided to leaching studies with this particle size. The 
elemental analysis by XRF technique is shown in Table II, it can be seen that the Fe 
content is in the range of 38.2 to 45.6%. The elements theoretically [13] interfere with 
cyanidation process as "cyanicides" (substances that consume cyanide and form compounds 
that hinder the dissolution of silver) with the exception of Fe are found in low 
concentrations, these are: Cu: 0.24-0.38%, Zn: 0.33 0.49%, As: from 0.19-0.22% and Sb: 
from 0.23-0.28%. 
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Table I. Chemical analysis of Ag by AA for each mesh 

Mesh gr Ag/ton slag 

100 163 

140 147 

200 180 

270 174 

325 220 

400 235 

-400 304 

Table II. XRF analysis of the elements present in the slag 

Element 
Contained in each mesh (%) 

Element 
100 140 200 325 400 

O 28.76 27.18 24.7 28.58 25.97 

A1 0.94 1.12 1.05 1.19 1.07 

Si 15.2 14.2 13.4 14.9 12.7 

P 0.21 0.19 0.18 0.19 0.17 

S 1.57 1.47 1.35 1.33 1.52 

K 0.97 0.9 0.79 0.91 0.7 

Ca 7.76 7.12 6.27 7.32 5.62 

Ti 0.12 0.12 0.11 0.12 0.1 

V 0.02 0.02 0.02 0.02 0.02 

Cr 0.01 0.01 0.02 0.01 0.02 

Mn 0.02 0.06 0.09 0.05 0.11 

Fe 38.2 41.2 45.9 39.2 45.6 

Ni 0.01 0.01 0.02 0.01 0.03 

Cu 0.24 0.3 0.31 0.35 0.38 

Zn 0.49 0.43 0.38 0.38 0.33 

As 0.19 0.19 0.19 0.21 0.22 

Se 0.04 0.05 0.04 0.04 0.05 

Sr 0.05 0.05 0.04 0.04 0.04 

Mo 0.01 0.02 0.02 0.01 0.02 

Sn 0.26 0.34 0.25 0.22 0.3 

Sb 0.28 0.27 0.26 0.24 0.23 

Ba - 0.09 0.1 - 0.11 

Figure 3 Shows SEM micrograph and elemental distribution mapping of Ag, W, Fe, S, Si, 
Ca, Pb, As, and Zn obtained by EDS-MEB for the slag 106 (im particle size mesh 140. It 
can be seen that the slag shows in the structure globules of metallic lead, which possibly 
trapped during melting lead sinter. It is also noted that the concentration of silver is in the 
majority in the lead globules, which is desirable, since in the smelting reduction process is 
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intended that this is adjacent to the lead [14]. The Fe meanwhile, is forming the matrix of 
the slag in an oxidized species with calcium and silicon. In electron image shown in the 
Figure 3 have been identified mineral species present in the slag, based on the results 
obtained by XRD, XRF and elemental mapping own distribution according to the elements 
in themselves. The species identified correspond to: F: franklinita, T: tennantite, F: 
furutobeite and Fe: As Iron oxide. It is important to note that silver, targeted as the 
objective of the present study, this was found in the furutobeita species, which is a lead-
silver sulfate and may contain copper. Also, silver is found in greater amounts in the lead 
globules as seen in the images of elemental distribution mapping. 

Figure 3 SEM-EDS mapping of elemental distribution for the slag mesh 140 (38pm) 

Leaching slag 

NaCN concentration effect 

Figure 4 shows the percentage of Ag extracted from slag at different reaction times 
leaching with 4 different NaCN concentrations, It is noted that a recovery of 74.21% of Ag 
is obtained when a concentration 7.88xl0"3 M NaCN is used. There is a decrease in the 
amount of Ag leached with increasing cyanide concentration, the concentration of cyanide 
solution required should be dependent on the characteristics of the material to leaching. 
Thus, it is expected that the rate of dissolution of metal increases linearly with increasing 
cyanide concentration reached a peak, after which increasing the amount of cyanide does 
not increase the amount of dissolved silver, rather, it creates a "retarding" effects, as 
observed on the graph. This is due to the increased concentration of NaCN increasing pH of 
the solution above 11.5 as this is hydrolyzed and form cyanates, which are insoluble. The 
pH used in the tests shown was kept constant at 11.0. This behavior is explained by the 
following reaction: 

2Ag + 2HCN + 02 -> 2AgCN + H202 (2) 

Temperature Effect 

Figure 5 shows the effect of temperature on leaching reaction of silver into the slag to five 
different temperatures (25, 30, 35, 40 and 50 ° C) of 7.88xlO"3M NaCN concentration, 
particle size 38pm, pH 11.0 and 750 rpm, NaCN concentration was chosen based on the 
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best results obtained from the above effect. It can be seen that the increase in temperature 
causes an increase in the amount of silver leached, obtaining a maximum recovery of 
89.47% at 50°C. Increased temperature decreases the amount of oxygen dissolved in the 
leaching solution, this because the solubility of gases decreases with temperature, even with 
this knowledge, the silver solution increased knowing that oxygen is essential for the 
dissolution reaction (1), this can be explained because the capacity of an electrode to absorb 
H2 at their surface which is less in a hot solution in a cold; so that, the maximum 
electromotive force of opposition due to the polarization is less, depending on how hot is 
the solution until dissolution the F.E.M. exceeds the polarization and dissolution of silver 
can continue without oxygen. So, the polarization can be prevented by the oxygen, which 
oxidizes the hydrogen on the surface of the silver and the disolution is allowed at lower 
temperatures. Or it can also be prevented by the heat which displaces the hydrogen of the 
silver surface and allows the dissolved silver without using oxygen. In the latter case, the 
dissolution of silver must be accompanied by hydrogen evolution. For the present study we 
considered 35°C (78.47% Ag) like optimum working temperature, despite higher 
recoveries obtained at 50°C, This is because it would be economically unfeasible heating a 
solution at this temperature. 

Stirring speed effect 

Figure 6 shows the effect of stirring speed. Two speeds were evaluated, both generated 
with magnetic stirring. Velocities were 750 and 900 rpm, using NaCN concentration of 
7.88xl0"3 M, 38|im particle size and pH 11.0. From the results obtained, can be seen that 
both agitations similar Ag dissolutions are obtained; 78.47% for 750 rpm and 81% to 900 
rpm. The effect of the silver solution with the agitation speed is not very marked. Because 
during the experiment it was observed that the difference in turbulence generated with both 
velocities was not significant. However, it can be seen from the graph that there is little 
difference in the values of Kexp speed for each of the experiences. The highest slope value 
corresponds to the test performed at 900 rpm with 0.19148 min"1, and that obtained for the 
750 rpm speed was 0.16732 min"1. This difference in the values of the slope indicates that, 
effectively there is an increase in the dissolution rate of silver to the system with more 
agitation. The slopes were calculated from the observed progressive conversion for both 
tests, and the value of the coefficients of linear correlation was 0.98732. 

Particle size effect 

Figure 7 shows the effect of particle size on the dissolution rate of silver contained in slag. 
4 particle sizes were evaluated; (75, 53, 45 and 38|im), all tests were performed based on 
the best results obtained in the above effects; 750 rpm, 750 rpm, using a concentration 
7.88xl0"3 M NaCN, pH 11.0. It can be seen from the graph that the effect of the particle 
size has significant effect on the dissolution of Ag. As the size increases, The dissolution of 
Ag by cyanidation decreases to 25.4% for the particle size of 75|xm, and conversely, this is 
increased to 78.47% for the particle size of 38|im. The first requirement to be fulfilled for 
the treatment of a mineral by leaching method is, The reduction of particle size, so that the 
leaching solution can penetrate and dissolve the values from the waste. This is explained 
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based on the available surface area for the dissolution reaction occurs. The smaller the 
particle, there is more surface area available for the reagent to react with all the mineral 
mass. And, the larger the particle the reverse direction, there will be less area available. 

Figure 4 Effect of concentration of NaCN in 
the leaching of Ag progress in the slag at 25 ° 

C, pH: 11.0, 38pm particle size (400 mesh) and 
750 rpm 

Figure 5 Effect of temperature on leaching 
progress of Ag in the slag: NaCN: 7.8865xl0~3 

M; pH: 11.0, particle size 38pm and 750 rpm 

Figure 6 Effect of agitation rate on the progress Figure 7 Effect of particle size on the progress 
of the leaching of Ag in the slag: NaCN: of the leaching of Ag in the slag: NaCN: 

7.8865xl0"3 M; pH: 11.0, particle size 38pm 7.8865xl0"3 M; pH: 11.0, temperature of 35 ° C, 
temperature of 35°C 750 rpm 

4. Conclusions 
We have studied the leaching of silver contained in slag from smelting reduction processes 
and concludes: 

• The species were identified by XRD in the slag were franklinta (ZnFe204) tennantite 
(Cu, Fe)i2As4Sn, hardystonita (Ca2ZnSiC>7) furutobeite (Cu, Ag)6 PbSC>4) and iron 
oxide Fe203 JCPD 391346. Some corroborated by SEM-EDS. 

• Ag was found associated in lead globules in the slag and the species furutobeite. 
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• Chemical analysis showed the silver content of 304 gr Ag / ton slag in 38pm particle 
size. 

• It is possible to recover silver contained in slag smelting reduction processes using 
cyanidation technology. The optimal values of silver recovery were found in conditions 
7.8xl0"3 M NaCN, stirring speed of 750 rpm, temperature of 35°C, with a treatment 
time 240 min, pH 11.0. 

• With the optimal conditions found recovery of 78.47% Ag is obtained. 
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Abstract 

Our study investigated the influence of P2O5 and B 20 3 on the viscosity and crystallization 
behavior of Ti-bearing blast furnace (Ti-BF) slags for the purpose of Ti extraction. The 
investigation of the crystallization behaviors were carried out using a single hot thermocouple 
technique (SHTT) and the viscosity was obtained by rotating cylinder method. For the viscosity, 
the results showed that P 20 5 substantially increased the slag viscosity. P205 is a network-forming 
oxide, which increased the degree of polymerization of slags and accordingly increased the slag 
viscosity. However, both of slag viscosity and apparent activation energy for viscous flow 
remarkably decreased with B 20 3 addition. As a typical network forming oxide, B 20 3 was 
introduced into the network and existed dominantly as 2-D structure, B0 3 triangular, which 
caused a simpler structure and a decreasing slag viscosity. As for the crystallization behaviors of 
Ti-BF slags, both P205 and B 20 3 enhanced the crystallization trend of rod-shape rutile and 
suppressed the crystallization trend of dendrite CaTi03. Therefore the added P205 and B203 

caused the primary phase change from CaTi03 to rutile. Additionally, it was found that the 
rod-shape rutile showed a 1-D growth, whereas the dendrite CaTi03 showed a 3-D growth style. 

Introduction 

China has abundant titanium resource, of which 91% is located in Sichuan province [1], in 
the form of vanadium titanium-magnetite ores. The valuable elements, such as iron and 
vanadium, are utilized through blast furnace process; and as typical solid residuals, the 
titanium-bearing blast furnace (Ti-BF) slags are generated. These slags generally contain 20-25 
wt. % Ti02 [2] and account for the most important secondary resources for titanium extraction. 
However, these slags are not effectively disposed and to reasonably utilize these slags, many 
routes have been exploited and investigated. Nowadays, more than 70 million tons of Ti-BF 
slags have been accumulated with an annual production rate of 3 million tons [3], 

Amongst these utilization routes, selective crystallization and phase separation (SCPS) 
method shows some specific advantages including energy saving and high separation ratio. The 
most important step of SCPS method is to reasonably select a Ti-enriched phase and create a 
most appropriate condition for the crystal to growth. The initial basicity (Ca0/Si02) is 1.2 and 
the primary crystalline phase in the slags is CaTi03, the crystallization behaviors of which have 
been extensively studied [4-5], We can choose some additives, such as CaO, Si02, P205 and 
B203 , to modify the slag compositions, which can change the crystalline phase in the slags, such 
as perovskite, rutile, or anosovite. Rutile has a good separation trend due to the rod shape 
structure and high density [6], Our previous study [7] proved that Si02 can be used to modify the 
slags and make the primary crystalline phase change from perovskite to rutile and remarkably 
enhance the precipitation of rutile. In addition with Si02, two other kinds of additives, P 20 5 and 
B203 , were explored in this study. 

703 



P2O5 and B2O3 are two kinds of typical acid oxide, which may greatly substitute SiC>2 and 
improve the growth of rutile. In addition, the precipitation of crystal is determined by many 
factors, among which viscosity has a decisive effect because of its influence on mass transfer. As 
potential additives, the influence of P2O5 and B2O3 on the viscosity of slags should be clarified, 
and therefore the present study was motivated. In this study, a series of Ti-BF slags containing 
different levels of P2O5 and B2O3 with different basicity were designed. The viscosity of these 
samples was measured using a Brookfield digital viscometer and the crystallization behaviors of 
these slags were analyzed using Single Hot Thermocouple Technique (SHTT) [8], in order to 
identify the influence of these additives. 

Experimental 

Sample preparation 

In this study, a series of samples with the basicity of 0.5 and 0.7, the Ti02 content of 25% 
and the B2O3/P2O5 addition of 0~5%. Analytically regent (AR) oxides were used to prepare the 
samples. These oxides were fully mixed and pre-melted in a molybdenum (Mo) crucible (<E>40 
mm x 45 mm * H40 mm) under an argon atmosphere at 1550 °C for 1 h to homogenize the 
chemical compositions. Then the liquid slags were rapidly poured into the cold water to obtain 
glassy phases. Subsequently, the glassy slags were dried at 120 °C for 12 h, crushed and ground 
into 300 meshes for compositional analysis and crystallization experiments. The results of X-ray 
diffraction (XRD) tests ensured the glassy phases of slags. 

Viscosity measurements 

We used a Brookfield digital viscometer (RTW-lO)to measure the slag viscosity, as depicted 
in Figure 1, and the viscosity measurement followed several steps. First, the Mo crucible filled 
with samples was placed into the heat area of the furnace and the Ar gas with a flow rate of 0.3 
NL/min was inlet into to prevent the oxidation of Mo components. Second, the furnace was 
heated to 1550 °C at a rate of 5 °C/min and held for 2h to homogenize the temperature and 
chemical compositions of the slags. Third, the furnace was cooled to a set temperature at a rate 
of 5 °C/min and held for 30 min to stabilize the slag temperature. The rotary Mo spindle was 
then immersed into the slag melts and rotated for viscosity measurement, during which 3 rotation 
rates (150, 175 and 200 r/min) were used and the average value was taken as the viscosity at the 
corresponding temperature. 

Crystallization experiments 

The crystallization behaviors of the slags were measured through a series of isothermal 
experiments using a Single Hot Thermocouple Technique (SHTT). During the isothermal 
experiments, around 10 mg sample was heated to 1500 °C, fully melted and held for 120 s to 
homogenize the chemical composition. The liquid slags were rapidly quenched to a set 
temperature at 50 °C/s and held at this point for crystalline evolution. It takes some time for the 
crystal to occur in the melts, defined as incubation time. The relationship between incubation 
time and holding temperature is generally presented in the Time Temperature Transformation 
(TTT) curves, which was obtained in this study. 
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Figure 1. Schematic diagram of Brookfield digital viscometer 

Results and discussion 

Effect of P9O5 on viscosity of slags 

Figure 2 shows the viscosity variation for various samples at different temperatures. There 
were two characteristics could be clearly observed from Figure 2. First, the viscosity remarkably 
increased with decreasing temperature. Conventionally, the viscosity of the slag melts was 
mainly determined by the interaction between the flow units when it was higher than break 
temperature. The linkage between flow units became weaker in virtue of the increasing distance 
caused by volume expansion with increasing temperature, resulting in the viscosity decrease. 
Second, the viscosity for each slag sample increased with increasing P2O5 content, which was in 
consistent with some previous studies. The variation trend of the viscosity caused by the added 
P2O5 could be easily explained. As an acid oxide, P2O5 mainly existed as PO4 tetrahedral in the 
slag structures [9], which can substantially increase the degree of polymerization (DOP) of the 
slag networks. Thus, the viscosity was increased by the added P2O5; however, from point of view 
of crystalline growth, the increasing viscosity is detrimental to crystal growth, which may make 
up one of disadvantages of P2O5 as additive. 
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Figure 2. Viscosity of slags with varying P2O5 contents 

Effect ofB2Q3 on viscosity of slags 

Figure 3 shows the effect of B 20 3 on the viscosity at different temperatures. There were two 
characteristics could be clearly observed from Figure 3. First, the viscosity remarkably increased 
with decreasing temperature, which was in agreement with the phenomenon of P2O5 series. 
Second, contrary to P2O5, the viscosity for each slag sample decreased with increasing B 20 3 

content, which was in consistent with some previous studies. As an acid oxide, the added B 20 3 

theoretically could increase the DOP of the slags and therefore increase the viscosity of the slags. 
However, according to the previous studies, the break temperature of slag was changed by the 
addition of B203 . The melting point of B 20 3 is 450 °C, and the addition of B 20 3 could combine 
with many kinds of oxides to form eutectics with low melting points [10-11], which substantially 
lower the break temperature of slags. With the decrease of break temperature, the superheat 
degree was increased at a certain temperature higher than the break temperature, and ultimately 
the viscosity was decreased. Generally, acidic oxides acted as network formers and increased the 
viscosity of slags. However, this effect in the present system was smaller compared with the 
effect of low melting point, which caused decreasing viscosity with B203 addition. Actually, as a 
typical network forming oxide, B203 was introduced into the network and existed dominantly as 
2-D structure, B0 3 triangular [12], which caused a simpler structure and a decreasing slag 
viscosity. 
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Figure 3. Viscosity of slags with varying B 20 3 contents 

Effect o fP ,Q, and B 20 3 on crystallization behavior of slags 

SHTT combined an advantage of observation of crystalline evolution and temperature 
control, as depicted in Figure 4. For the slag series with the basicity of 0.5, the primary 
crystalline phase was rod-shape rutile, while for the slag series with the basicity of 0.7, the 
primary crystalline phase was dendrite shape perovskite. However, with the addition of P205 and 
B203 , the primary crystalline phase changed from perovskite to rutile with the additive content of 
7 wt. %. Actually, both P2O5 and B 20 3 are acid oxides, which could modify the basicity of the 
slags similar to Si02. As the P205 and B 20 3 were added into the slags, more BO3 triangular and 
PO4 tetrahedral were generated, which would link with the Ca ions and restrict the linkage 
between Ca ions and Ti-related structures. Thus, the precipitation of perovskite was suppressed 
and the formation of rutile was enhanced. When the temperature further decreased, the pure 
primary crystalline phase changed into a situation of multiple phase coexisting and the present 
study mainly focused on the crystallization behavior at high temperatures. 

Figure 4. Schematic diagrams of rutile growth 

Incubation time is an important parameter to characterize the crystallization property, and a 
longer incubation time indicated a weaker crystallization trend. For the slag series with the 
basicity of 0.5, the incubation time became shorter with the increase of P205 or B203 content, 
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which indicated that the crystallization in these slags was improved and the additives were 
beneficial for the rod-shape rutile. For the slag series with the basicity of 0.7, the situation 
became different. As the primary crystalline phase was perovskite, the incubation time became 
longer with the addition of P2O5 or B2O3. This suggested that the formation of perovskite was 
restricted, which was in agreement with the results of slags series with the basicity of 0.5 in an 
opposite direction. In addition, the kinetics of the primary crystalline phase growth was studied. 
First, the length of rod shape rutile presented a well linear relationship with holding time, which 
suggested that the rate-controlling step of rutile growth was interfacial reaction [13-14] and a 
1-D growth model was reasonably to describe the growth of rutile. Second, according to the 
SEM detection and the calculation of the kinetic constants showed that the dendrite perovskite 
showed a 3-D growth style. 

Conclusions 

This study provided some fundamental study on the influence of P2O5 and B203 on the 
viscosity and crystallization behaviors of Ti-bearing blast furnace slags for the purpose of 
titanium extraction. The viscosity of the slags was increased by the added P2O5, whereas B203 

showed an opposite effect. Both the added P2O5 and B203 enhanced the crystallization of 
rod-shape rutile while suppressed the crystallization of dendrite perovskite. Furthermore, the 
kinetics analysis indicated that the rod-shape rutile showed a 1-D growth, whereas the dendrite 
CaTi03 showed a 3-D growth style. 
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Abstract 

This paper focuses on the ductile cast iron EN-GJS-600 which is often used for components of 
combustion engines. Under service conditions, those components are mechanically loaded at 
different temperatures. Therefore, this investigation targets at the fatigue behavior of 
EN-GJS-600 at ambient and elevated temperatures. Light and scanning electron microscopic 
investigations were done to characterize the sphericity of the graphite as well as the ferrite, 
pearlite and graphite fraction. At elevated temperatures, the consideration of dynamic strain 
ageing effects is of major importance. In total strain increase, temperature increase and constant 
total strain amplitude tests, the plastic strain amplitude, the stress amplitude, the change in 
temperature and the change in electrical resistance were measured. The measured values depend 
on plastic deformation processes in the bulk of the specimens and at the interfaces between 
matrix and graphite. The fatigue behavior of EN-GJS-600 is dominated by cyclic hardening 
processes. The physically based fatigue life calculation "PHYBALSIT" (SIT = strain increase 
test) was developed for total strain controlled fatigue tests. Only one temperature increase test is 
necessary to determine the temperature interval of pronounced dynamic strain ageing effects. 

Introduction 

Beneficial mechanical and physical properties connected with low production costs lead to 
numerous applications of ductile cast iron in the automotive and commercial vehicle technology, 
especially for components of combustion engines [1], The goal to reduce fuel consumption and 
vehicle weight is realized by decreasing the number of cylinders and the engine stroke volume 
while increasing the specific power output [2, 3], Application examples for the ductile cast iron 
EN-GJS-600 are camshafts, bearing covers, crankcases, pistons and especially crankshafts where 
the increased specific power output leads to maximum component stresses in a wide temperature 
range up to temperatures of 270 °C [4, 5], To establish a weight-optimized dimensioning of such 
components, the influence of dynamic strain ageing effects on the fatigue behavior has to be 
considered. 
This investigation focuses on the ductile cast iron EN-GJS-600. Light (LM) and scanning 
electron microscopic (SEM) investigations were performed to characterize the microstructure. 
To describe the fatigue behavior detailed, mechanical stress-strain (o-e) hysteresis, change in 
temperature (AT) and change in electrical resistance (AR) measurements were applied. The 
plastic strain amplitude the change in temperature AT and the change in electrical resistance 
AR depend on plastic deformation processes and can be used as input data for the physically 
based fatigue life calculation "PHYBAL"[6, 7], To characterize the temperature influence on the 
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fatigue behavior in total strain controlled fatigue, as a first step, one temperature increase test is 
necessary to determine the temperature interval between the first and the most pronounced 
dynamic strain ageing. This effective tool allows to identify the temperatures of minimum and 
maximum fatigue life due to dynamic strain ageing effects with only one fatigue test. As a 
second step, the physically based fatigue life calculation method "PHYBALLIT" (LIT = load 
increase test) was modified to "PHYBALSIT" (SIT = strain increase test) for total strain 
controlled fatigue testing. On the basis of only one total strain increase and two constant total 
strain amplitude tests the Woehler (e-N) curve can be calculated. Thus, the combination of 
"PHYBALSIT" with a temperature increase test leads to significant scientific and economic 
advantages. 

Material 

The investigated cast iron EN-GJS-600 was provided by the Daimler AG in round bars with a 
diameter of 36 mm and a length of 300 mm. Figure 1 shows a provided bar and two fatigue 
specimens. 

Figure 1. EN-GJS-600 bar provided by Daimler AG and machined fatigue specimens 

Light (LM) and scanning electron micrographs (SEM) of the investigated EN-GJS-600 are 
shown in Figure 2. The microstructure is predominantly pearlitic, the ferrite is developed circular 
around the graphite spheroids. 

Figure 2. LM (a) and SEM (b) micrographs of the ductile cast iron EN-GJS-600 

712 



The Brinell hardness, the graphite and the ferrite fraction of the investigated materials are shown 
in Table I. 

Table I. Microstructural parameters of the investigated cast iron EN-GJS-600 

Brinell hardness [HBW 2,5/187,5] 234 ± 5 

graphite fraction [area-%] 6.67 ± 0.89 

ferrite fraction [area-%] 15.58 ± 1.34 

Experimental setup 

Total strain controlled constant amplitude (CAT), total strain increase (SIT) and temperature 
increase tests (TIT) were performed with a frequency of 5 Hz and a triangular strain time 
function at ambient and elevated temperatures with a strain ratio of RE = -1. The SITs were done 
with a step length of 9 x 103 cycles and total strain steps of 0.01 %. The TITs were performed at 
a constant total strain amplitude of 0.2 % while the temperature was increased stepwise from 
ambient temperature up to 425 °C, following a temperature increase of 25 °C every 2.5 x 103 

cycles. Simultaneously the plastic strain amplitude e^p was measured. For electrical resistance 
measurements, a highly constant direct current was applied to the specimens. The change in 
electrical resistance AR was measured with two wires spot welded to the transition of the gauge 
length and the shafts. At ambient temperatures, the change in temperature AT was measured with 
one thermocouple applied in the middle of the gauge length (Ti) and two thermocouples at the 
elastic loaded shafts (T2 + T3). At elevated temperatures, thermocouple Ti was used for furnace 
control, T2 and T3 allow to monitor the temperature gradient within the gauge length. Figure 3 
shows the experimental setup for ambient (a) and elevated (b) temperatures. 

Figure 3. Experimental setup for ambient (a) and elevated (b) temperatures 
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The PHYBALLIT - method 

The physically based fatigue life calculation method "PHYBALLIT" allows the calculation of 
Woehler (S-N) curves on the basis of only one load increase test (LIT) and two constant 
amplitude tests (CAT). The PHYBALLIT procedure is described in detail for several metallic 
materials in [6-10], In the following, only the basic procedure is explained. 
Fatigue data determined in one load increase test (LIT) are used as input for the fatigue life 
calculation. The measured values (M), e.g. the plastic strain amplitude e^p, the change in 
temperature AT, the change in electrical resistance AR or other physically based fatigue 
parameters are plotted according to Morrow. With the fatigue data of two constant amplitude 
tests (CATexp ), the Morrow diagram is converted into single-step-loading (CATcaic. in Figure 4). 
CATcaic. allows to determine the generalized Morrow equation (equation (1)) as cyclic stress 
measured-data curves (CSM) in analogy to cyclic stress strain curves (CSS). According to 
Basquin, in analogy to the cyclic stress measured-data curves (CSM), a Woehler (S-N) curve can 
also be described by a powerfunction, as shown in the generalized Basquin powerfunction in 
equation (2). The Basquin exponent, describing the gradient of the Woehler (S-N) curve, 
correlates to the Morrow exponent by equation (3) [10]. Figure 4 explains PHYBALLIT 
schematically. 

a a = K M ( M ) " " (1) a a = a B , M ( 2 N f ) b " (2) (3) 
5n „+1 

CATcaic ̂  

• O'BM by equation (2) 
equation (3) 

Figure 4. Schematical explanation of PHYBALLIT 

Solving equation (2) for "Nf" leads to a load-dependent calculation rule (equation (4)): 
ì 

( a Y " 
N f = 0 . 5 — J - (4) 

) 

cr'B M can be determined by performing one constant amplitude (CAT) fatigue test until failure 
and substituting "bui" (equation (3)), "Nf" and "oa" to equation (2). 
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Results and discussion 

To characterize the fatigue behavior of the ductile cast iron EN-GJS-600 from ambient up to 
elevated temperatures, several total strain controlled constant amplitude tests were performed. 
Those tests aimed to characterize the influence of dynamic strain ageing on fatigue life and the 
cyclic deformation behavior. All tests were carried out at a total strain amplitude of £a>t = 0.2 %. 

A temperature increase up to 175 °C leads to the minimal fatigue life (relative fatigue life 
minimum) and an increase of the plastic strain amplitude e^p within the first cycles, figure 5a. 
Raising the temperature up to 300 °C the cyclic hardening is more pronounced due to dynamic 
strain ageing effects reaching the maximum cyclic hardening and the maximum number of 
cycles to failure (relative fatigue life maximum) at 300 °C. Highest values within the first cycles 
of the plastic strain amplitude e^p are shown in the range of 300 °C. A further temperature 
increase up to 400 °C results in reduced cyclic hardening. The initial plastic strain amplitude 
values are significant reduced and the fatigue life steadily decreases. 
To determine the temperature interval between the first and the most pronounced dynamic strain 
ageing a temperature increase test (TIT) was performed. It shows, that the temperature of the 
relative fatigue life minimum (maximum) due to dynamic strain ageing is characterized by the 
lowest (highest) cyclic hardening in the respective temperature step (Figure 5b). This analogy to 
the constant amplitude tests verifies that a temperature increase test is well suited to figure out 
the temperatures of the relevant turning points (relative fatigue life minimum / maximum) in 
fatigue life behavior of the ductile cast iron EN-GJS-600. Therefore, temperature increase tests 
are an efficient investigation how dynamic strain ageing affects the fatigue behavior at elevated 
temperatures 

Figure 5. Cyclic deformation behavior and the relative fatigue life minimum / maximum up to 
400°C (a) and the possibility to determine the relative fatigue life minimum / maximum with 

only one temperature increase test (b). 

To characterize the fatigue life behavior in the temperature range up to 400°C, it is appropriate to 
calculate the respective Woehler (e-N) curves at the relevant temperatures (ambient temperature, 
temperature of relative fatigue life minimum / maximum and a temperature above dynamic strain 
ageing). Therefore, PHYBALSIT was developed. 

PHYBALSIT (fatigue life calculation for total strain controlled fatigue tests) offers a physically 
based fatigue life calculation method for total strain controlled fatigue tests. In analogy to 
PHYBALLIT, an efficient test procedure is developed to calculate the Woehler (e-N) curve for the 
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ductile cast iron EN-GJS-600. The calculated Woehler (e-N) curves were verified by total strain 
controlled constant amplitude tests. 

Only one total strain increase test allows to evaluate the fatigue limit ew and the total strain 
amplitudes for the two constant amplitude tests. At the same time, the average measured values 
M (e^p, AT and AR) of each strain step are the input parameters for the fatigue life calculation. 
Therefore, reflecting the work of Morrow, cyclic total-strain measured-values curves (CStM) are 
created by the pairs of values of the total strain increase test. Figure 6a shows the total strain 
increase test and the measured values (oa, e^p, AT and AR). Regarding the change in the slope of 
ca-N, £a,p-N and AT-N curves at e^t = 0.14 %, the fatigue limit ew can be estimated for a total 
strain amplitude e^t = 0.14% . The change in the slope of the AR-N curve can be observed 
slightly before reaching the estimated fatigue limit of £a,t = 0.14%. Constant amplitude tests 
confirmed a fatigue limit of eat = 0.15 % in good accordance to the estimated fatigue limit. In the 
following, PHYBALSIT, using the plastic strain amplitude EA)P as input fatigue parameter M is 
shown for total strain controlled tests at ambient temperature. According to Morrow, Figure 6b 
displays the cyclic total-strain plastic-strain curve (CStSp) for e^p. 

Figure 6. Strain increase test (SIT) of EN-GJS-600 (a) and the cyclic total-strain plastic-strain 
curve (CStSp), value pairs are extracted out of SIT (b) 

The total strain amplitudes for the constant amplitude tests are 0.16% (lower CAT, slightly 
above ew) and 0.22 % (upper CAT, slightly below the damage causing total strain amplitude).To 
convert the cyclic total-strain plastic-strain curve (CStSp) of the strain increase test into single 
steptests, two total strain amplitude tests were performed. This is essential, because the 
correlation between the Morrow and Basquin exponent (equation (3)) is only reliable for single 
step loading. Figure 7a shows the constant amplitude test with a total strain amplitude of 0.22 %. 
The value of the input parameter eap is taken at 104 cycles. The converted cyclic total-strain 
plastic-strain curve (CStSp) for single step loading is shown in Figure 7b. Modifying the 
generalized Morrow equation (equation (1)) for total strain controlled fatigue tests leads to 
equation (5) which describes a cyclic total-strain measured-value curve in general (CStM): 

Sa , ,=K„(M)"" (5) 

716 



Figure 7. Constant amplitude test (CAT) of EN-GJS-600 (a) and the converted cyclic total-strain 
plastic-strain curve (CStSp) for single step loading (b) 

Modifying the generalized Basquin equation (equation (2)) for total strain controlled fatigue tests 
leads to equation (6) which describes a Woehler (e-N) curve: 

Sa,,=SB,M(2Nf)b ' (6) bM by equation (3): b „ = -
- 0 . 2 0 4 4 

5 - 0 . 2 0 4 4 + 1 
• = -0.101 

Solving equation (6) for "Nf" leads to a load-dependent calculation rule for a Woehler (e-N) 
curve (equation (7)): 

N f = 0 . 5 

CAT: 

(7) N f - 36459 + bM ^ e ' B M b y e q u a t i on ( 6 ) — • N , = 0.5 
6^ = 0 .22% 0.682 , 

0.3 

Î 
£ 

0.2 

0.1 

-

• Nf.exp. 
Nf.calc. 

1 1 

• 

1 1 1 1 1 1 

10 10b 

N, 10" 

Figure 8. Calculated Woehler (e-N) curve in excellent accordance to Nf evaluated experimentally 

Conclusions 

To establish a physically based fatigue life calculation, on the basis of the PHYBALLRR-method, 
PHYBALSIT was developed for total strain controlled fatigue tests. One total strain increase test 
allows to identify the fatigue limit depending on the measured values oa, e^p, AT and AR in good 
accordance to the conventionally determined fatigue limit. Using the generalized Morrow and 
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Basquin equations, modified for total strain controlled fatigue tests, allows the calculation of a 
Woehler (e-N) curve. To characterize the fatigue behavior at elevated temperatures, the 
consideration of dynamic strain ageing effects has to be taken into account. Total strain 
controlled constant amplitude tests showed, that the cyclic hardening and the fatigue life are 
reduced by rising the temperature up to 175 °C. A further increase up to 300 °C causes more 
pronounced cyclic hardening and an increase in fatigue life due to dynamic strain ageing. 
Temperatures above 300 °C lead to a significant reduction of cyclic hardening and consequently 
fatigue life. Only one temperature increase test is necessary to determine the temperature range 
of dynamic strain ageing effects. The comparison with constant amplitude tests shows that a 
temperature increase test is well suited to identify the temperatures of the relevant turning points 
in the fatigue life behavior of the ductile cast iron EN-GJS-600. Thus, the combination of 
PHYBALSIT and a temperature increase test provides an effective tool to calculate the fatigue life 
behavior in the temperature range from AT to 400°C and therefore leads to significant scientific 
and economic advantages. 
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Abstract 

Some high sulfur and arsenic-bearing gold concentrate has a gold leaching rate less than 80% by oxidation 
roasting-pickling-cyanidation process. The characteristics and intensification of gold leaching were studied 
systemically. By combining chemical composition and phase analysis, the low gold leaching rate was found 
to lie in the capsulation of gold by iron-containing phases including iron oxides, arsenopyrite and pyrite. 
96.66% of gold in the industrial leaching residue was capsulated and 95.88% of the capsulated turned out to 
be in the iron-containing phases. The results of laboratory pickling-cyanidation experiments on the calcine 
and industrial leaching residue presented further demonstration for the fact 1hat gold capsulated in the 
iron-containing phases was hard to be leached. However, the gold cyanide leaching rate of calcine could be 
raised over 95% by a reduction roasting-pickling pretreatment which played such a significant role in 
exposing the capsulated gold that gold leaching was intensified remarkably. 

Introduction 

At present, cyanidation has been still in a dominant position among the main methods of gold leaching in 
gold industry, owing to its irreplaceable advantages compared with many otìier methods [1], With the rapid 
development of gold industry, tractable gold ores are drying up gradually, while those of refractory are 
increasingly becoming 1he main processing objects. Currently, refractory gold ores from which one third of 
total world gold production comes, account for 60% of total world gold reserves [2], China is rich in 
refractory gold ores among which as many as one third are sulfiir and arsenic-bearing gold oies [3], As for 
this kind of ores whose direct gold leaching is so poor that they have to be pietreated, there have been 
mainly three pietreatment processes including wet chemical, oxidation roasting and bacterial oxidation 
methods being widely applied till now [4, 5], There was a low grade gossan type gold ore pietreated by 
"coal based direct reduction roasting-magnetic separation-cyanide leaching" process to achieve the 
separation of iron and gold, and its gold leaching recovery could increase by 36.47% compared with direct 
cyanide leaching [6,7], 
Some high sulfur and arsenic-bearing gold concentrate is pietreated by two-stage oxidation roasting process 
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which leads to a secondary capsulation of gold inevitably, resulting in an undesirable blocking to gold 
leaching by cyanide solution. The calcine obtained has a cyanide gold leaching rate as low as 80%. In the 
paper, characteristics and intensification of the gold cyanide leaching from the gold concentrate were studied 
systemically, which may provide a new idea for gold leaching from refractory gold ores. 

Experimental 

Materials 

The high sulfur and arsenic-bearing gold concentrate came from a gold smeltery and its calcine 
as well as industrial leached residue was directly used in the whole study. 

Table I. Multi-element Chemical Composition/% 
Ore sample type Au* Ag* Fe S As Sb Cu Si02 CaO MgO AI2O3 

Gold concentrate 45.77 20.66 24.07 23.89 8.73 0.44 0.091 27.24 1.27 0.59 5.14 
Calcine 84.27 13.55 31.25 1.03 0.55 0.25 0.10 37.96 1.55 0.72 5.97 

Leached residue 19.54 14.67 32.07 0.66 0.54 0.36 0.092 35.32 1.56 0.50 6.50 

*The content unit of element is g/t. 

The results of Table I show that 1he gold concentrate belongs to a typical high sulfur and arsenic-bearing 
ore. When pretreated by means of two-stage oxidation roasting and by dilute sulfuric acid leaching, the 
industrial cyanide leaching of calcine can just reach a gold leaching rate as low as 80%. 

Methods 

Phase analysis, pickling and cyanide leaching as well as reduction roasting experiments were conducted for 
the study. The leaching characteristics in terms of gold occurrence in industrial production samples were 
demonstrated by the analyses of XRD, chemical phase and elemental Au phase. Intensification of gold 
leaching had been realized effectively in laboratory by oxidation roasting-reduction 
roasting-pickling-cyanide leaching process for the high sulfur and arsenic-bearing gold concentrate. In 
addition, the oxidation roasting of gold concentrate to get rid of arsenic and sulfur was achieved by 
two-stage oxidation roasting process in a gold smeltery, and the calcine obtained was directly used as the 
processing object in the following study. With adequate coal as reductant, the reduction roasting of calcine 
was carried out for 0.5h~l ,5h in an upright roaster whose furnace chamber temperature was stable at a value 
of 800'C~1200'C. The pickling experiments were conducted under the conditions of liquid-solid ratio 4:1, 
agitation speed 400rpm, leaching time 4h~6h and solution pH <1.5 controlled by 10% sulfuric acid. 
The gold cyanide leaching was performed in a pulp with liquid-solid ratio 2.5:1, pH 11, co(NaCN) 0.2%, 
agitation speed 600rpm, leaching time 48h, and co(H2C>2) 0.27% when necessary. 
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Results and discussion 

Leaching characteristics in terms of gold occurrence in industrial production samples 

Figurel. XRD analysis of industrial production samples 

Table II. Chemical Phase Analysis of Ore Samples/% 
Ore sample type Arsenopyrite Pyrite Iron oxides Silicate Other phases Total 
Glod concentrate 12.77 37.31 3.36 27.24 19.32 100.00 

Calcine 0.02 0.05 50.50 37.96 11.47 100.00 
Leached residue 0.26 0.04 52.37 35.32 12.01 100.00 

Table III. Phase Analysis of Au in Ore Samples 

• ^ • « ^ P h a s e type 

Ore sample t y p e ^ « ^ ^ 

Single and 
associated 

gold 
Arsenopyrite Pyrite 

Iron 
oxide 

Silicate Total 

Glod C ™ t e ^ ) 
. . Distribution 

concentrate 
ratio/% 

1.21 33.46 2.90 7.79 0.41 45.77 
Glod C ™ t e ^ ) 

. . Distribution 
concentrate 

ratio/% 
2.64 73.10 6.34 17.02 0.90 100.00 

Content/(g/t) 74.01 2.43 1.04 6.16 0.63 84.27 
Calcine Distribution 

ratio/% 
87.83 2.88 1.23 7.31 0.75 100.00 

Content/(g/t) 
Leached 

. , Distribution 
residue 

ratio/% 

0.65 

3.33 

4.79 

24.51 

2.04 

10.44 

11.28 

57.73 

0.78 

3.99 

19.54 

100.00 
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The analysis of XRD and chemical phase (see Fig. 1 and Table II) indicate that in 1he gold concentrate are 
pyrite, silicate and arsenopyrite in the majority, while in 1he calcine and leached residue are mainly iron 
oxides and silicate, with only small amounts of residual arsenopyrite and pyrite. Most of the pyrite and 
arsenopyrite convert into iron oxides during oxidation roasting, and here pyrite, arsenopyrite and iron oxides 
are all called iron-con tailing phase. 
It is shown from the phase analysis of Au in industrial production samples (see Table III) that 79.44% of 
gold in the gold concentrate is capsulated in arsenopyrite and pyrite and 17.02% in iron oxides. According 
to 1he phase evolution and distribution change of gold after two-stage oxidation roasting pretreatment, it can 
be known ftrat 96.06%, 80.52% of gold locked by arsenopyrite and pyrite gets exposed respectively, but 
there is still 12.17% being capsulated, of which as high as 93.84% is enclosed in the iron-containing phases, 
and the same to the leached residue, 95.88% of the capsulated still exists in the iron-containing phases. 
The reasons why so much gold in leached residue that it could not be leached successliilly are as follows: 
(1) As high as 57.73% (see Table III) of the residual gold is capsulated in the iron oxides accounting for 
52.37% (see Table II) of the leached residue, which illustrates that second gold capsulation by iron oxides 
happens inevitably during oxidation roasting process of the gold concentrate [8], It is universally 
acknowledged 1hat calcine sintering can be caused easily due to the overheating phenomenon, worse still, 
the structure destruction of iron oxides will lead to secondary capsulation of gold, which makes it hard to 
achieve an effective gold exposure even grounded finely. 
(2) With 34.95% (see Table IE) of the residual gold enclosed in arsenopyrite and pyrite which only account 
for about 0.30% (see Table II) of the leached residue, it demonstrates obviously that the small amounts of 
arsenopyrite and pyrite left after oxidation roasting are still the important phases concentrating gold as 
before. Under room temperature and atmospheric pressure, it is difficult for arsenopyrite to be dissolved in 
alkaline cyanide solution. However, the gold in arsenopyrite, especially those superfine gold particles, 
cannot be exposed even through ultra fine grinding [9], Additionally, extra oxidant and leaching reagent will 
be consumed seriously by pyrite in gold leaching process, making finding an ideal gold leaching difficult. 
(3) It is commonly known that most of the residual arsenic in calcine is arsenate (see Table III), probably the 
arsenopyrite left after the first stage of oxidation roasting at low temperatures generates ferric arsenate 
during 1he second stage at high temperatures. However, the ferric arsenate is apt to cover the gold surface, 
forming a passivation film and producing secondary capsulation of gold, which impedes gold cyanide 
leaching noticeably [8,9], 

Pickling-cyanide leaching results of industrial production samples 

Experiment on extracting iron from pyrite cinder with 1he direct hydrochloric acid solution had been studied 
before [10], and pickling was applied before gold cyanide leaching in the study. 
The results (see Table IV) indicate that 1he gold concentrate has an extremely poor gold cyanide leaching. 
When hydrogen peroxide is not utilized, the gold leaching rate of calcine is only 76.96% and that of leached 
residue is just as low as 12.73%. When hydrogen peroxide is added to perform assisted cyanide leaching 
[11-13], the gold leaching rate of calcine can only increase to 84.47% and ftrat of leached residue is still as 
low as 16.70%. Neither the gold leaching rate of the calcine nor that of the leached residue is limited and 
difficult to increase fiirther. Moreover, it has been known from Table 5 ftrat ftie distribution ratio of single 
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and associated gold in calcine and that of capsulated gold in leached residue is 87.83% and 96.66%, 
respectively. All of the above provides liirther evidence that, without any oilier additional pietieatments, the 
gold capsulated in iron-containing phases, especially in the iron oxides, is so difficult to be exposed only by 
pickling that 1he gold leaching rate can hardly be liirther raised. 

Table IV. Pickling-cyanide Leaching Results of Calcine and Leached Residue 

Ore sample type co(H202y% 
Gold content before 

leaching/(g/t) 
Gold content after 

leaching/(g/t) 
Gold leaching 

rate/% 
Gold concentrate 0 45.77 41.66 12.68 

Calcine 0 84.27 19.71 76.96 
Calcine 0.27 84.27 13.29 84.47 

Leached residue 0 19.54 17.27 12.73 
Leached residue 0.27 19.54 16.81 16.70 

Reduction roasting-cvanide leaching results of industrial leached residue 

Figure2. XRD analysis of reduction roasting production at 1050'C 

Table V. Reduction Roasting-cyanide Leaching Results of Industrial Leached Residue 
Reduction roasting Reduction Gold content before Gold content after Gold leaching 

temperature/ C roasting time/h cyanide leaching/(g/t) cyanide leaching/(g/t) ra te/% 
800 1 22.37 21.18 6.14 
900 1 23.41 20.64 12.78 
1050 1 23.30 19.43 18.36 

It has been known that most of the residual gold in industrial leached residue is enclosed in the 
iron-containing phases which are mainly composed of iron oxides (see Table II). Therefore, 
reduction roasting process can be utilized to achieve the structure destruction of iron oxides by 
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converting Fe2C>3 or Fe3C>4 into Fe phase during which the capsulated gold is hoped to get 
exposed. The XRD analysis of reduction roasting production at 1050'C (see Figure 2) provides 
evidence that the structure of iron oxides has been destroyed successfully as expected, but the 
following cyanide leaching results (see Table V) show that the exposure of capsulated gold 
seems so terrible that the gold leaching rates are as low as 18.36%. It is probably that the gold is 
still capsulated in the new Fe phase, and the lixiviant and oxygen have been consumed by Fe. 
Therefore, the exposure of gold cannot be realized effectively by reduction roasting only. 

Reduction roasting-pickling-cvanide leaching results of calcine 

Corrosion process was once investigated in separating Ga and Ge from ferrous powder from zinc leach 
powder [14] and 1he enrichment of TiC>2 grade had been achieved by dilute hydrochloric acid leaching due 
to dissolving 1he impurities (Fe, Mg, Ca, etc) into solution [15]. In the same way, coming after the reduction 
roasting, pickling was also applied before gold cyanide leaching in laboratory. 

Table VI. Reduction Roasting-pickling-cyanide Leaching Results of Calcine 
Reduction roasting 

temperature C 
Reduction roasting 

time/h 
Gold content before 

cyanide leaching/(g/t) 
Gold content after 

cyanide leaching/(g/t) 
Gold leaching 

rate/% 
800 1 165.44 30.17 82.04 
900 1 162.64 23.97 85.37 
1000 1 161.22 14.99 90.80 
1050 1 166.19 14.58 91.27 
1150 0.5 167.74 12.92 92.36 
1150 1 189.86 7.98 95.84 
1150 1.5 171.07 7.07 95.90 
1200 1 169.76 10.14 94.09 

Compared with gold enriching from 45.77g/t to 8427g/t (see Table IE) during oxidation roasting 
pretreatment, the results of experiments (see Table VI) show that gold in calcine achieves a further 
enrichment to different extents from 8427g/t to 160g/t~190g/t after reduction roasting-pickling. Followed 
by gold cyanide leaching, the residual gold content in the final leached residue can be lowered to 
7.07g/t~7.98g/t compared with 19.71g/t and the gold leaching rate comes up to 95.84%~95.90% which is 
far more than 76.96% (see Table IV). Currently, the gold leaching gets intensified significantly by the 
pretreatments of "reduction roasting-pickling" based on oxidation roasting. 
As has been known from the above study, the structure of iron oxides cannot be destroyed 
effectively just relying on the picking process. However, after reduction roasting, iron oxides 
convert into Fe phase which can be dissolved into solution more easily by pickling. During the 
separation of Fe and Au, the full exposure of gold comes true and then the gold cyanide leaching 
is intensified remarkably. It is more beneficial for pickling effects on gold exposure when at higher 
reduction roasting temperatures not more tiian 1200'C and roasting time is prolonged appropriately. When 
temperature is 1150'C and time is lhand 1.5h,the gold cyanide leaching late can reach 95.84% and 95.90%, 
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respectively. Based on the oxidation roasting, it is 1he pretreatments of "reduction roasting-pickling" 1hat 
realize the filli exposure of gold capsulated in iron oxides and the remarkable intensification of gold cyanide 
leaching. 

Conclusions 

(1) The high sulfur and arsenic-bearing gold concentrate is extremely difficult to be directly leached by 
cyanidation. Inevitable capsulation of gold for the gold concentrate during two-stage oxidation roasting 
process happens due to gold capsulation by iron-containing phases including pyrite, arsenopyrite and iron 
oxides. Currency, gold capsulated in iron-containing phases leads to gold leaching rate being hard to be 
fiirther raised. 
(2) By oxidation roasting-reduction roasting-pickling-cyanide leaching process, gold leaching rate of the 
gold concentrate gets raised obviously. Using adequate coal as reductant and under filli pickling, it is more 
beneficial for gold exposure by prolonging reduction time appropriately at a higher temperature not more 
than 1200'C. When temperature is 1150'C and time is 1.5h, a gold cyanide leaching rate of 95.90% is 
obtained. 
(3) Coming after oxidation roasting, Fe2C>3 and Fe3C>4 phases in calcine convert into Fe phase in the 
reduction roasting process. Then 1he pickling process achieves full exposure of gold by easily 
dissolving the new Fe phase into solution. Only by reduction roasting and pickling together can the 
intensification of gold cyanide leaching come tiue successfully. 
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Abstract 

In this paper the structure of aluminum based alloys and their corrosion behavior by using 
different electrochemical techniques as characterization methods are considered. Currently, it 
becomes imperative to know the role of the Al2Cu against the susceptibility to corrosion of these 
alloys. The present work aims to studying the electrochemical behavior of aluminum base alloys 
with the following compositions: Al-lwt.%Cu, Al-4.5wt.%Cu and Al-15wt.%Cu (with different 
grain structures), in 1M NaCl solutions, at room temperature. Cyclic potentiodynamic 
polarization tests were performed and were found that the alloys with more than lwt.%Cu in the 
matrix have an unstable behavior and without tendency to reach passivity. The equivalent 
circuits derived from electrochemical impedance spectroscopy technique (EIS) generally showed 
two capacitive contributions. The susceptibility to corrosion becomes a complex function, not 
only of copper concentration and structure, but also with interdendritic spacings and distribution 
of phases in the alloys. 

Introduction 

Aluminum has important technological material properties, among which worth mentioning its 
low specific weight, good corrosion resistance in atmospheric media, and good electrical and 
thermal conductivity [1-4]. However, the use of pure aluminum is limited due to its low 
mechanical strength [2, 4], This has led to the development of alloys to produce materials with 
improved properties. 
It is known that copper is used as an alloying element in the aluminum since it increases 
hardness and tensile strength, fatigue and creep [5], However, this procedure may produce a 
reduction in corrosion resistance [1-7]. The Al-Cu alloys are widely used in the automotive 
industry as a component of transport due to fuel savings associated with weight reduction 
benefits similar security. The first, and most widely used aluminum alloys are those containing 
from 4% to 10% in weight of Cu [1,3]. 
Osorio et al. analyzed the corrosion resistance of the alloys Al-wt.5%Cu and Al-8wt.%Cu 
directionally solidified with CET. They found that both morphologies (columnar and equiaxed) 
have similar experimental results in tests of EIS and polarization curves [7,10], Recently, it has 
been found that there are complex interrelationships between the copper content in the alloy, and 
the secondary dendritic spacing structures [1-3, 6], 
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Numerous studies [1-3, 5-7, 11-15] mentioned that the presence of intermetallic compounds 
influences the corrosion susceptibility of the Al-Cu alloys. This is because the presence of 
precipitated alloying elements associated with the active regions located over the material 
surface [12]. Intermetallic behavior primarily depends on the potential difference between the 
particles and the matrix in a solution. 
In previous work [2, 6, 15] have been studied Al-Cu alloys with hypoeutectic compositions 
assessing structural characteristics and corrosion resistance in 0.5 MNaCl solution. Evidence for 
the involvement of the intermetallic in the corrosion process thereof was found. The cathode 
character of the Al2Cu particles in the interdendritic areas localized the attack and promoted 
dissolution of the A1 rich metal matrix. This led to the conclusion that the corrosion susceptibility 
of the different assessed structures is influenced by the microstructure of the alloy. Several 
authors have pointed out that aluminium alloy surfaces will formulate a protective layer of 
corrosion aluminium oxide if left unprotected by anodizing and/or correct painting procedures. 
[4, 6, 11-16], In the presence of aggressive ions, localized breakdown of the passive film may 
occur, causing the dissolution of metal [4, 11-16], Vera et al. [4] report that the decreased 
concentration of the CI" ion resulting in more anodic potentials. 
Therefore, in this paper the behavior against corrosion of Al-Cu hypoeutectic alloys will be 
assessed, depending on the composition and structure of them, in 1M NaCl solution. The results 
will be compared with those obtained previously in 0.5M NaCl solution. 

Experimental Procedure 

We worked with samples of hypoeutectic aluminum base alloys, with the following 
compositions: Al-lwt.%Cu, Al-4.5wt.%Cu and Al-15wt.%Cu. The samples were obtained by 
directional solidification upward in a cylindrical resistance furnace, in vertical disposition. They 
were grounded using SiC papers from # 100 to # 1200 grain, then were washed with 
demineralized water and dried by natural flow of air. In order to evaluate the performance of the 
same function of the structures formed during solidification, the macrostructure revealed was 
performed and identified by visual observation, the zones of columnar grains (C Zone) and 
equiaxed grains (E Zone) separated by a transition zone (CET zone) between both, in each of the 
samples. Etching was performed with two different solutions: for samples containing less than 
10wt.%Cu a solution containing 15 ml HF, 4.5 ml HN0 3 , 9 ml HC1 and 271.5 ml H 2 0 was used; 
and for the case of the Al-15wt.%Cu sample a solution containing 320 ml HC1, 160 ml HNO3 
and 20 ml HF was used. Then, the samples were cut longitudinally to give a working electrode 
for each region of each alloy prepared. 
Measures of Electrochemical Impedance Spectroscopy (EIS) were also conducted. An initial 
period of stabilization of system during 600 seconds was used to determine the open circuit 
potential and worked with an amplitude of 10 mV potential around this. To adjust the results the 
nonlinear method of least squares designed by Bouckamp was used [17], 
Electrochemical tests were performed using a potentiostat/galvanostat Gamry Reference 600, 
and using as medium 1M NaCl solutions at room temperature, deaerated by nitrogen bubbling 
for 20 minutes. 
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Results and Discussion 

Potentiodynamic curves corresponding to the Al-lwt%Cu tested in 1M NaCl solution are shown 
in Figure 1 (a). The potential range in which the current increases steadily decreases from the 
base of the cylinder (that is, from the columnar to zone to the equiaxed zone in the sample), 
showing that the C zone shows the corrosion potential Ec nobler (-829 mV), virtually no 
passivation is presented, but a direct dissolution of the material. 
This potential coincides with pitting potential, Ep, corresponding to the CET and E zones. In 
contrast, the results found in a less concentrated solution of NaCl to the same alloy [6], showed 
that the three zones analyzed behaved very similarly to one another, remaining passive in lOOmV 
range. 
The cyclic potentiodynamic polarization curves for the Al-4.5%Cu alloy are shown in Figure 1 
(b). No passivation is found, but dissolution of the material directly after reached the corrosion 
potential. Zone C presents the nobler Ep equal to -656 mV and has the lowest value at the 
transition zone equal to -691 mV. Similar behavior was found for the curves tested in 0.5 M 
NaCl solution [6], In Figure 1 (c) potentiodynamic curves obtained for the Al-15wt.%Cu alloy 
are shown. In the case of the C zone is observed that the pitting of the material does not start 
immediately after reaching the corrosion potential, equal to -726 mV, since there is a potential 
range in which the current remains roughly constant. In contrast, E and CET zones have noblest 
Ec, dissolve rapidly after reaching their respective corrosion potentials. 
Table 1 shows the corrosion potentials for the three alloys 1M NaCl solution, also presenting the 
potential measured in 0.5M NaCl solution [6], In assessing the relationship between the content 
of copper in the alloys and corrosion potential, Ec, we found that the lowest values were for the 
alloy with lower copper content, i.e, Al-lwt.%Cu. However, the alloy showed in general a range 
of potential above of Ec, where the material is not pitted. In contrast, in the alloys of high copper, 
pitting starts immediately after reaching the corrosion potential of the material. Considering the 
behavior of Al-lwt.%Cu in two solutions, slightly more noble potential to work in the less dilute 
solution are evident, but the differences between them are very small. 
Evaluating the results of potentiodynamic 1M NaCl solution, depending on the different zones 
was found that the greatest Ec for columnar region showed the alloy with 4.5wt.%Cu. For CET 
and E zones shows that the corrosion potential in both solutions increases with increasing copper 
content in the alloy. 
No significant differences between the corrosion potentials of the alloys in the two solutions 
were found. However there may be a higher susceptibility of the material to be corroded in the 
more concentrated solution, since there is a tendency to dissolve the samples in the 1M NaCl 
solution is observed, decreasing or simply disappearing ranges of passivation observed in 
potentiodynamic curves obtained above in 0.5 MNaCl solution [6], 
Microscopic observation of the samples tested in l M N a C l solution shown in Figure 2 denotes 
that the most affected zones by localized corrosion match dendritic areas. The same trend was 
noted in previous work working in 0.5M NaCl solution [6,15], This may indicate that the 
presence of Al2Cu intermetallic in interdendritic zones would favor the dissolution of the metal 
matrix. The above is consistent with what the literature reported for the same system [1-3, 5, 6, 
9]. 
Electrochemical Impedance Spectroscopy (EIS) is used to explain the behavior of the 
electrolyte/solution interfaces, and generally the data are adjusted to an equivalent circuit models 
for interpretation. 
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Impedance responses obtained for the three alloys in 1M NaCl solution were simulated using the 
equivalent circuits shown in Figure 3. The test results of EIS in lMNaCl solution are shown in 
the diagrams of Figure 4. In the Bode plots three different regions can be observed: the low 
frequency zone, until values of 10"1 Hz represents the polarization resistance of the alloys 
studied. For Al-lwt.%Cu (Figure 4 (a)) can be seen that its increases from the base of the 
cylinder in the direction of heat extraction (that is, from the area of columnar grains to the area of 
equiaxed grains). 

Figure 1. Cyclic potentiodynamic polarization curves in lMNaCl solution. 

Table 1. Corrosion potentials (in mV) of samples in NaCl solutions. 

Al-lwt. % Cu Al-4.5wt.% Cu Al-15wt.% Cu 

1M 0.5M 1M 0.5M 1M 0.5M 

c -829 -820 -657 -645 -726 -756 
CET -862 -833 -691 -744 -760 -639 

E -998 -854 -673 -707 -646 -793 
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Instead, for Al-4.5wt.%Cu (Figure 4 (b)), the resistance decreases from C zone to the E zone. In 
the case of Al-15wt.%Cu, (Figure 4 (c)) the C zone has the highest resistance value. In the Bode 
diagrams which describing angles of phase, for intermediate values of frequency, i.e. 10° and 
104, two capacitive contributions can be observed for all samples tested, except for the equiaxed 
zone of Al-lwt.%Cu, which evidence a single capacitive contribution (Figure 4 (a)). For values 
of frequencies higher than 104 impedance modules of alloys studied alloys tend to behave 
similarly in all cases, representing the resistance of the electrolyte. 

Figure 2. Micrographs of columnar zones: a) Al-lwt.%Cu; Al-4.5wt.%Cu; Al-15wt.%Cu. 

In Table 2 the model for each of the three zones is indicated each of the alloys. Such circuits 
have been proposed by other authors for pure aluminum and aluminium-base alloys in different 
solutions [5, 12, 18], The physical meaning of the elements of the proposed equivalent circuits 
has been reported in the literature [5,12, 18,19], R n corresponds to the resistance of the 
electrolyte, Ri and R2 are the resistances of the porous layer and the barrier layer, respectively, 
which are associated with the charge transfer resistance through the porous layer and the 
involvement of intermediate adsorbed. CPEi and CPE2 are the constant phase elements attributed 
to the porous layer and the barrier layer, respectively [18,20], 
As expected, the values of R n are higher than those obtained on the experience of more dilute 
solutions ofNaCl, [6] due to the higher concentration of CP ions. 
Ri values are markedly higher than the values of R2, indicating that the corrosion protection is 
primarily provided by the outer barrier layer [18], This relationship is consistent with the results 
observed in the work done in 0.5M NaCl solution and with the values shown in several studies of 
EIS of aluminum and its alloys [6, 12, 18-20], 
Nyquist plots obtained for the three alloys are shown in Figure 5. The equiaxed zone of Al-
15wt.%Cu alloy (Figure 5 (c)) has an inductive arc at low frequencies. According to the 
provisions of the literature the occurrence of these bonds can be attributed to adsorption -
desorption of species [14, 20-22] or the dissolution of a uniform layer due to the existence of a 
process of pitting corrosion [12, 13,20], 

Figure 3. Equivalent circuits for fitting the experimental data. 
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Figure 4. Bode diagrams in lMNaCl. a) Al-lwt.%Cu; b) Al-4.5wt.%Cu; c) Al-15wt.%Cu. 
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Table 2. Parameters of impedance adjustment. 

Ro CPE, R, R2 CPE2 Zone 
(Q*m2) 

i 
(Q_1m~2) 

ni 
V̂i 

(Q*m2) (Q*m2) ( f f ' m 2 ) 
n2 Circuit 

C 1.22E-04 0.20 0.84 1.79E00 2.46E-02 0.73 0.78 Figure (b) 
Al-lwt.%Cu CET 1.68 E-04 0.34 0.73 4.90E00 1.01E-01 0.54 0.80 Figure (b) 

E 1.69 E-04 0.30 0.82 6.97E00 - - - Figure (a) 
C 2.49 E-04 1.04 0.66 6.93E-01 7.29E-02 0.11 0.87 Figure (b) 

Al-4.5wt.%Cu CET 1.84 E-04 3.44 0.64 1.13E-02 4.77E-01 0.28 0.85 Figure (b) 
E 1.88 E-04 2.56 0.71 3.08E-01 1.12E-02 0.41 0.81 Figure (b) 

C 1.74 E-04 7.40 0.67 5.37E-01 2.88E00 1.33 0.67 Figure (b) 
Al-15wt.%Cu CET 1.69 E-04 40.00 0.69 9.97E-02 6.16E-04 14.97 0.58 Figure (b) 

E 1.59 E-04 32.62 0.60 2.84E-02 1.83E-03 5.38 0.60 Figure (b) 

Figure 5. Nyquist diagrams: a) Al-lwt.%Cu; b) Al-4.5wt.%Cu; c) Al-15wt.%Cu. 
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Conclusions 

The evaluation of electrochemical parameters not indicates a relationship between the structure 
of the alloy and corrosion resistance. However, the microscopic observations demonstrate that, 
copper-rich interdendritic region acts a as cathode promoting the dissolution of the metal matrix 
consisting mainly of aluminum. 
The values of resistance in the circuit adjustment electrochemical impedance spectra allow 
concluding that Al-Cu alloys have good corrosion resistance, being the noblest, the alloys with 
lower copper content. In evaluating the corrosion behavior of the alloys in the two solutions with 
two different concentrations of NaCl, it was found that while both the materials respond very 
similarly means a greater susceptibility to corrosion is observed in solution of NaCl.more 
concentrated 
EIS studies indicate that, in general, the behavior of the Al-Cu alloys in 1M NaCl solution can be 
described from the presence of two capacitive contributions. 
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ABSTRACT 

For industrial use, the smectite clays are usually treated with inorganic acid of high 

concentration at temperatures under boiling point, which provide the bentonite's 

bleaching power. In the present paper, a sample of brown smectite from Paraiba, Brazil, 

was submitted to treatment under moderate conditions (90°C, reaction times of 1, 6, 12, 

18 and 24hours in close reactor, concentration of the aqueous solution of hydrochloric 

acid 1.5M, clay/acid solution ratio of lg/lOmL), aiming to reduce impurities, 

responsible for the color of the clay, without causing significant changes in their 

structure. The samples were characterized by scanning electron microscopy (SEM), 

energy dispersive X-ray detector (EDS), stereomicroscopy, Cation Exchange Capacity 

(CEC), Thermal Analysis (TG/DTA), and X-ray diffraction (XRD). It was observed a 

bleaching in samples with time of 12h to 18h. With the DRX was possible to monitor 

the peak intensity of the clay structure and the sample with 12 hours of treatment was 

not significantly altered its crystalline structure, maintaining the peak clay at d(ooi> The 

most pronounced changes in the bleaching occurred within the first 12 hours of acid 

treatment. Thus, clay can be used in products with high added value. 
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1 INTRODUCTION 

Bentonite is a rock formed in most part by smectite clay mineral originated generally 

from volcanic ashes, mostly acid after a chemical alteration provided by devitrification. 

Bentonites are clays formed by smectite mineral clays which are responsible for 

chemical - technological properties and by accessory minerals usually inert (mica, 

quartz, and cristobalite) [1,2,3], 

Brown bentonite from Bela Vista, Paraiba, Brazil is a smectite clay with non-

preponderate interlayer cation, presenting white color provided by high iron 

concentration [4], 

There are two types of bentonites, sodium and calcium. Sodium bentonite presents high 

base exchange capacity, usually between 80 and 130 meq/lOOg. Otherwise, calcium 

bentonite presents a range among 40 and 70 meq/lOOg. The high charge on the lattice 

provides to sodium bentonite the capacity to exchange the interlayer water and 

associated cations with more polar organic molecules [5]. 

The industrial use for clays is also based on cation exchange capacity and clay minerals 

properties [6], 

For some industrial uses the bentonites must be clean of mineral impurities. Acid attack 

provides an increase at specific area by disorganizing the crystalline structure, the 

mesopores formation and cleaning the mineral impurities. Other benefit of acid attack is 

the improving of acid sites with more porosity, excellent properties when applied in 

catalysis [7,8], 

Among the clays to industrial use, several groups have been studied aiming a 

preparation of bleaching clays, using acid attack with high concentration and 

temperatures near boiling point. The industrial application of bentonites is vast. In oil 

industry, mostly used as drilling fluids additives; in pharmaceutics and cosmetics as 

dissecant; in the food industry as oil bleaching, among others applications [9-15], 

The methodology of purifying clays used in this work with mild acid attack is a good 

alternative for production of clays with more light colors. 

2 MATERIAL AND METHODS 

2.1 Start Materials 

The brown bentonite clay, in its natural form, was from Lages, Paraiba's State, Brazil. 

Brown bentonite, passing sieve 200 mesh, was submitted to mild acid attack using a 
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concentration of the aqueous solution of hydrochloric acid 1.5M, clay/acid solution ratio 

of lg/lOmL, at 90°C under bellow boiling temperature and at times of reaction of 1, 6, 

12, 18 and 24 hours in close reactor. 

After filtered and washed with water until pH 5-6 the clay was dried at 60°C and 

grounded using a manual mortar and vibratory ball mill until completely pass through 

#200 mesh sieve. 

2.2 Materials Characterization 

The starting material was characterized by scanning electron microscopy, EDAX 

INSPECT 50 with energy dispersive x-ray detector (EDS). 

To observe the clay was used a stereomicroscope Zeiss, model Stemi 2000C. 

The XRD was performed on diffractometer model X'Pert Pro MPD (Panalytical) with 

Cu anode; scan from 2° to 90° 2©; 40kV and 35mA. 

CEC was performed using the ammonium acetate method. 

Thermal Analysis (TG/DTA) was performed on nitrogen atmosphere at 10°C/min.. 

3 RESULTS AND DISCUSSION 

Figure 1 shows the X-ray diffraction curves of brown bentonite submitted only to H 2 0 

for 24h at 90°C, we observe the d(ooi) characteristic smectitic peak at 15,00A with 

intensity of 170 counts. As impurity the sample presents quartz with a peak at 3,3A and 

an intensity of 720 counts. 

Figure 1 - XRD curve of brown bentonite H20 24h at 90°C. 
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Figure 2 shows the XRD curve of brown bentonite submitted to mild acid attack during 

6h at 90°C. The d(ooi) smectitic peak is present at 14,76Ä with an intensity of 140 

counts. The quartz, with peak at 3,33Ä presents intensity of 750 counts. 

Figure 2 - XRD curve of the Brown bentonite HC1 6h at 90°C. 

Table 1 presents the results of d(ooi) smectitic peaks, smectitic peaks intensities, and 

intensities of the quartz peaks for the samples of brown bentonite attacked at different 

times. 

Table 1. d ( 0 0 1 ) smectitic peaks, smectitic peaks intensities, and intensities of the quartz peaks. 

Sample Smectitic peak 
d(ooi) ( A ) 

Smectitic peak 
intensity 
(counts) 

Quartz peak at 
3,33A intensity 

(counts) 
24h in water 15,00 170 720 
lh attack 15,25 140 750 
6h attack 14,76 130 750 
12h attack 15,28 115 810 
18h attack 15,73 95 950 
24h attack 16,83 75 915 

The sample treated with water only presented a breakdown of the stacking order of 

layers with the lowest value of peak intensity. The intensity of the smectitic d(ooi) peak 

of the acid attack samples tend to diminish its intensity with the time of attack as the 

acid have more time to destroy the octahedral sheet of the clay mineral. The quartz peak 

intensity increase with the time of attack, indicating a possible partial dissolution of the 

clay minerals with the time of acid attack. 
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The results of energy dispersive X-ray detector (EDS) of brown bentonite are mostly the 

same, observing in all samples the presence of Si, A1 and O. 

Figure 3 shows the EDS curves of brown bentonite submitted only to H 2 0 for 24h at 

90°C. 

Figure 3 - EDS curve of Brown bentonite H20 24h at 90°C. 

Figure 4 shows the EDS curves of Brown bentonite submitted to HC1 for 6h at 90°C. 

Figure 4 - EDS curve of Brown bentonite HC1 6h at 90°C. 

The images generated by scanning electron microscopy produced the figures 6 and 7 

were possible to observe in the images of brown bentonite sample submitted to 

treatment in different times the preservation of the lamellar morphology. The sample 
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attacked for 18h shows a more open structure with less quantity of small particles, 

possible dissolved by the acid. 

Figures 5 and 6 shows the SEM image of brown bentonite submitted only to H 2 0 for 

24h and submitted to mild acid attack during 18h, both samples at 90°C. 

Figure 5 - SEM image of the brown bentonite Figure 6 - SEM image of the Brown bentonite 
H20 24h at 90°C. HC1 18h at 90°C. 

The attacked samples presented an increase in color reduction with time of acid attack. 

Figure 7 shows a stereomicroscopy image of sample treated with water for 24h. It is 

possible to observe some impurities in the sample. 

Figure 7 - Image of sample - treated with H20 for Figure 8 - Image of sample - treated HC1 6h at 
24h. 1cm corresponds to 1.3micron. 90°C. 1cm corresponds to 1.3micron. 

In Figure 8 is possible to observe a decrease of impurities in the sample submitted to mild 

attack for 6h. Samples with attack times from 12h to 24h showed a continuous but small 

decrease of impurities (that is lighter colors) compared with the sample attacked by 

6hours. 
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Figures 9 and 10 shows the TG/DTA curves of samples treated with H 2 0 and HC1, both 

treated for 24h at 90°C. Is possible observe a 4% weight loss for the sample treated only 

with water, that is approximately the hydroxyls' water loss of the bentonites. The 

sample treated for 24h with HC1 does not show that loss indicating an almost 

destruction of the clay minerals structure. 

Figure 9 - TG/DTA results of sample treated with Figure 10 - TG/DTA results of sample treated 
H20 for 24h 90°C. with HC1 for 24h at 90°C. 

Table 2 presents the CEC values that, as expected, tend to diminish after treatment, with 

the time of attack with the 24 hours attacked sample having only 60% of the original 

value. 

Table 2 - CEC results of brown bentonite treated. 

Sample CEC (meq/100g) % of the no attacked sample 
24h in water 62,31 100 

l h attack 59,91 96,14 
6h attack 57,31 91,97 
12h attack 48,63 78,04 
18h attack 46,59 75,02 
24h attack 38,99 62,57 

4 CONCLUSION 

The reaction time of treatment is an important factor in purification and decolorizing 

process. 

The crystalline structure of the mineral clay do not presented a significantly destruction 

otherwise, presented a significant bleaching. 

The sample of brown bentonite from Lages submitted to mild acid attack demonstrated 

a good response to the purification at reaction times of 6 hours. 

Thus, the objective to decrease the concentration of impurities that provides color, with 

no pronounced change in the clay minerals structure, demonstrating an efficient option, 
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more economical and less aggressive to the environment using the treated clay in 

products of high value agreed. 
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Abstract 

A numerical model was developed to simulate the three-dimensional heat transfer in the belly 
and lower shaft region of the blast furnace wall consisting of copper steel composite stave, 
packing and shell. The temperature distribution of copper steel composite stave without the 
slag layer or refractory lining was investigated and then compared with the copper stave. The 
results showed that copper steel composite stave can satisfy the requirement of overheating-
free and had an analogous heat transfer behavior as copper stave but more stable cooling 
intensity. This model had been validated by the good agreement between the computed and 
measured temperature in the thermal test. 

Introduction 
The service life of belly and lower shaft region of blast furnaces is very essential for 

determining the campaign life of the blast furnaces. A long campaign life avoids blowing out 
a blast furnace for repairs and refractory relining, thus permitting an extension in production 
and decrease in capital cost. Actually, refractory linings are not capable of holding molten 
slag and hot metal for long time under high temperature. Therefore, the campaign life of blast 
furnace is not determined by the refractory lining but by the cooling apparatus [1,2, 3,4], 

Now copper stave widely used in the bosh, belly and lower shaft region of the blast 
furnace due to its high thermal conductivity to prolong the blast furnace campaign life. But 
copper staves have experienced many problems and early failure, especially the pipe welds 
failure [5, 6], On the other hand, damaged pipes were difficult to detect and to repair, and a 
replacement of a damaged stave from the outside was practically impossible. Due to copper 
stave failures, the blast furnace campaign life has been cut down to as short as 5 years. 

Copper steel composite stave is designed to overcome the pipe welds failure for copper 
stave, which is made of explosively welded copper/steel composite plate. To gain good heat 
transfer performance, the copper plate (base plate for explosively welding) is set as the hot-
face layer of the stave, and the carbon steel plate is set as the cool-face layer and seamless 
steel pipe is set as the pipe weld to achieve the high bonding strength. The copper steel 
composite stave was called a new long-service-life stave used in the belly and lower shaft 
region of blast furnace. 

However, high temperature and its fluctuation inside the staves are one of the important 
conditions that the stave is destroyed. Understanding the heat transfer in the copper steel 
composite stave is essential in identifying whether it will be damaged under the blast furnace 
conditions. In principle, this objective can be achieved by means of the direct measurements 
of temperature distribution in the copper steel composite stave. Therefore, it is difficult to 
ascertain the heat transfer process of the copper steel composite stave from the limited 
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temperature measurements. Consequently, mathematical modeling has played an important 
role in the quantification of the temperature distribution in copper steel composite stave. 

There is a large number of mathematical models describing the heat transfer process of 
the copper stave. Yeh et al. [7] developed a three-dimensional heat transfer model to predict 
the temperature field of copper stave with different slag layer thickness. Qian et al. [8] used a 
3-dimensional temperature field calculation model to investigate the quantificational indexes 
for design and evaluation of copper staves. Cheng et al. [9, 11], Wu et al. [10] and Ning et al. 
[12] carried out extensive research on heat transfer process of the stave by numerical 
simulation, studied the effect of blast furnace operation parameters and optimized the design 
parameters of the stave. However, these models only described the steady-state heat transfer 
process of copper or cast iron stave, but not to satisfactorily describe the complex three-
dimensional heat transfer process in the copper steel composite stave. On the other hand, 
these models were to a large degree concerned with ideal conditions, for example, there was 
always an accretion layer or refractory lining in front of the stave. Besides, the differences 
between copper steel composite stave and copper stave on heat transfer behavior was rarely 
presented. 

This paper presents a three-dimensional mathematical model to describe the heat 
transfer process in blast furnace wall comprised of copper steel composite stave, packing 
layer and shell. The mathematical model is validated by comparing the measured and 
calculated temperature distributions of copper steel composite stave in the thermal test stand, 
and subsequently used to study the differences between copper steel composite stave and 
copper stave on heat transfer behavior under various operating conditions. 

Physical model 

The physical model of copper steel composite stave is shown in Figure 1. The physical 
model (see Figure 1(a)) is usually comprised of copper steel composite stave, packing, shell, 
whereas their thickness was 80mm, 80mm and 30mm, respectively. The height and width of 
the physical model is 1420x788mm. The copper steel composite stave is made of copper/steel 
composite plate which is obtained by explosively welding. Commercial purity copper (T2) 
and carbon steel (20g) were used to manufacture Cu/Fe composite plate. The thickness of the 
copper layer and steel layer is 60 and 20mm, respectively. Dovetail grooves (Figure 1(b)) 
were provided on the hot face of the stave so that they support the refractory lining and slag 
accretion layer. There are four cooling channel uniform distributed near the copper/steel 
interface, and the cross-section was comprised of semicircle and rectangle (Figure 1(c)), and 
the equivalent diameter is 54mm. The pipe welds (inlet/outlet pipes) which connected with 
cooling channel are made of carbon steel (Q235). 

Figure 1. Physical model of copper steel composite stave: (a) physical model; (b) dovetail 
groove; (c) cross-section of cooling channel 
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Mathematical model 

Governing equation 

In this work, The heat transfer in blast furnace wall comprised of copper steel composite 
stave, packing and shell is modeled under the following assumptions: (1) the heat transfer is 
unsteady-state conductive heat transfer process without the heat source; (2)there is no 
refractory lining in the front of this stave; (3) the initial temperature is the temperature 
distribution of copper steel composite stave with 40mm slag accretion; (4)when the slag 
accretion disappears, the constant gas flow temperature in periphery direct contacts with the 
copper steel composite stave. In this case, the heat transfer can be described by the following 
equation: 

Where X(T) is the thermal conductivity, W/(m- °C); T is body temperature, °C; p is the density 
of the materials, kg/m3; Cp is specific heat at constant pressure, J/(kg- °C); t is the time, s. 

Boundary condition 

(1) The heat transfer between the copper steel composite stave and gas flow near the 
blast furnace wall (boundary b l ) is the total heat transfer comprised of convection and 
radiation, which can be described as follow: 

=(ac+aiJTf-T) = af(Tf-T) (2) 
dN 

where a/ is the sum of the convective and radiative heat transfer coefficient, a/ =ac+aR, 
W/(m2- °C); ac is the convective heat transfer coefficient, W/(m2 °C); CIR is the radiative heat 
transfer coefficient, W/(m2 °C); T/ is the gas temperature, °C ; ST I dN ¡ s temperature 
gradient in normal direction on boundary, °C/m. 

(2) The heat transfer between cooling water and the stave (boundary b2) is convection, 
namely, the third boundary condition, can be given as following: 

¿(T)^\b2=aw(T-TJ (3) 

where Tw is the average temperature of cooling water, °C; aw is the convective coefficient 
between cooling water and stave body, W/(m2- °C); the convective coefficient aw is dependent 
on the flow rate of cooling water velocity v for a given blast furnace, according to Titus-Boelt 
formula, the convective heat transfer coefficient is: 

aw = — Nu,, Nu, =0.023Re°/ Pr04, Re, (4) 
d e />w 

where Rey is the reynolds number, fi is the viscosity of cooling water, kg/(m s); Nu/ is the 
Nusselt number, Pr is the Prandtl number, Xw is the thermal conductivity of cooling water, 
W/(m • °C); pw is the density of the cooling water, kg/m3; de is the equivalent diameter. 
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(3) The heat transfer between the shell and environment (boundary b3) is the total heat 
transfer process comprised of convection and radiation, which can be described as follow: 

(5) 
dN 

where Tn is the environment temperature, °C; aB is the total heat transfer coefficient which is 
the sum of the convective and radiative heat transfer coefficient, W/(m2 °C); the total heat 
transfer coefficient is given as follow [13]: 

a a =9 .3 + 0.0587; (6) 

where Ts is the surface temperature of the shell, °C. 
(4) The others surface (boundary b4) is adiabatic boundary, 

57, 
av ' 

, = 0 (7) 

Physical property 

The physical parameters used in the numerical simulation are listed in Table 1. 

Table I. Thermal conductivities of different materials used in the model [14] (W/(m* °C)) 

Temperature/°C Pure 
copper 

Carbon 
steel 

Inlaid 
brick Packing 

17 400 52 
20 0.35 
100 380 
300 365 
400 1.45 
700 1.50 
1100 1.65 

Results and discussion 

Temperature and heat flux distribution 

Figure 2 shows the temperature distribution through the copper steel composite stave 
thickness. The gas temperature is 1200°C, the cooling water velocity is 2.0m/s, and the time t 
after the slag accretion loss is 500s. It can be seen that: 1) the temperature increases along the 
thickness direction (Z direction) from the cool face to hot face and reaches a maximum 
temperature 127 °C at the working surface of copper steel composite stave; 2) the temperature 
distribution closed to the cooling channel in the copper steel composite stave is significantly 
non-uniform; and 3) the temperature of the steel layer near the cool face is very low, 
especially in the regions of cooling channel, almost equal to the cooling water temperature. It 
can also be seen that the temperature of the working surface of the copper steel composite 
stave in front of the cooling channel is almost equal to other positions, suggesting that the 
uniform temperature distribution along the circumference of the blast furnace wall. 
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Figure 2. Temperature distribution through the copper steel composite stave thickness 

Figure 3 shows the heat flux distribution through the copper steel composite stave thickness. 
It can be observed that the heat flux decreases along the thickness direction from the hot face 
to cool face and reachs a zero in the area behind the cooling channle, suggesting that the cross-
section area of cooling channel should be reduced in order to save water. Comparison of the 
heat flux in the copper and steel layer suggesting that exceeding 90% of heat flux through the 
copper layer and entering the cooling channel, and the heat flux entering into the steel layer is 
very little, resulting in the temperature of steel layer is lower than the copper layer. 
Consequently, the design that the cooling channel is machining between the copper and steel 
layer would achieve a lower temperature near the copper/steel interface. 

Figure 3. Heat flux distribution through the copper steel composite stave thickness 

Figure 4 shows the temperature distribution through the copper stave thickness. The heat 
transfer boundary condition of copper stave is identical with copper steel composite stave. It 
can be observed that the isothermal between the cooling channel and hot face is almost straight 
line, suggesting that temperature distribution through the copper stave width is uniform. It can 
also be seen that the temperature increases from cool face to hot face and reachs a maximum 
temperature 120 °C at the working surface of copper stave. 

Comparison of Figure 2 and Figure 4 shows that the maximum temperature of copper 
steel composite stave is about 7 °C higher than that of copper stave and the minimum 
temperature at the cool face of copper steel composite stave is nearly equal to that of copper 
stave, suggesting that copper steel composite stave has an approximated heat transfer 
performance as copper stave. 
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Figure 4. Temperature distribution through the copper stave thickness 

Figure 5 shows the heat flux distribution through the copper stave thickness. In copper 
stave, the maximum heat flux is about -260W/m2 and 40 W/m2 lower than that of copper steel 
composite stave. The heat flux of copper steel composite stave is always higher than copper 
stave under the same gas temperature and cooling water velocity. It can be seen that the heat 
flux in the region between cooling channel and cool face is lower than other region, which has 
the similar heat flux distribution as copper steel composite stave. 

Comparison of Figure 3 and Figure 5 reveals a basic difference between copper steel 
composite stave and copper stave. In the copper steel composite stave, the heat fluxes entering 
at the edges is deflected at a 45° angle in the direction of the cooling channel. In the copper 
stave, the heat fluxes are relatively smoothly deflected in the direction of the cooling channels, 
with larger amount entering the cooling channels from behind. On the other hand, the heat flux 
distribution in the copper steel composite stave and copper stave, with the lowest in the area 
behind the cooling channel, caused the lower temperature in the region between cooling 
channel and cool face. We can conclude that the steel layer has a little influence on the heat 
transfer performance of copper steel composite stave, suggesting that the design that steel 
instead of pure copper between cooling channel and cool face in copper stave is reasonable. 

Figure 5. Heat flux distribution through the copper stave thickness 

Effect of gas temperature 

Figure 6 shows the temperature distribution of the copper steel composite stave in 
thickness as a function of gas temperature. In blast furnace, thermal load corresponding to gas 
temperatures between 1200 and 1600°C and water velocity 2.0m/s were applied. It can be 
seen that: 1) the temperature increases from the cool face to hot face at the same gas 
temperature, but the temperature gradient between cool face and copper/steel interface is 
smaller than that between hot face and copper/steel interface; 2) Increasing the gas 
temperature by 100°C would increase the temperature of copper steel composite stave and the 
temperature differences is almost identical for different distance from cool face; 3) As the gas 
temperature increases to 1600°C, the temperature near the copper/steel interface is also lower 
than 150°C. This is because of most of the heat flux entering into the cooling channel as 
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shows in Figure 3 In common case, if the temperature on the working surface of a copper 
stave is about 100°C, the molten slag in the blast furnace is easier to be stuck on its working 
surface [9], The frozen slag with a low thermal conductivity (about 2W/(m °C)) will avoid 
the excessive heat loss. From this point of view, the copper steel composite stave is suitable 
for using on the wet area of blast furnace. 
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Figure 6. Temperature distribution of the copper steel composite stave in thickness as a 
function of gas temperature 

Figure 7 shows the influence of gas temperature on the maximum hot-face temperature 
of the bare copper steel composite stave and copper stave. It can be seen that the maximum 
temperature of copper steel composite stave increases from 169°C to 229°C when the gas 
temperature increases from 1100 °C to 1600 °C , corresponding to that of copper stave 
increases from 159°C to 202 °C. It shows that the maximum temperature of copper steel 
composite stave is only about 10 to 28°C higher than that of copper stave, suggesting that 
copper steel composite stave has the same heat transfer performance as copper stave. As the 
gas temperature increases to 1600°C, the temperature on the working surface of copper steel 
composite stave can still keep below 250 °C which is the critical temperature of destruction of 
pure copper [15], suggesting that copper steel composite stave can satisfy the requirement of 
overheating-free and can be applied to the belly and lower shaft of the blast furnace. 

gas temperature/°C 

Figure 7. Influence of gas temperature on the maximum hot-face temperature of the bare 
copper steel composite stave and copper stave 

Effect of cooling intensity 

The hot-face temperature distribution of copper steel composite stave and copper stave 
in width wihout cooling water supply is shown in Figure 8. As shown in Figure 8, it can be 
seen that the hot-face temperature of copper steel composite stave and copper stave without 
cooling water supply is about 1157~1164°C and 1147~1154°C, respectively. It shows that 
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the temperature on the working surface of copper steel composite stave and copper stave 
without cooling water supply is much higher than 250 °C, suggesting that copper steel 
composite stave and copper stave is easy to be damaged when the cooling intensity is zero. 
Consequently, it is very important to insure that copper steel composite stave and copper 
stave have enough cooling intensity. But copper staves have frequently experienced the pipe 
welds failure as a result of the deformation of the stave. Therefore, it is not necessary to 
worry about the pipe welds failure of copper steel composite stave because of the satisfactory 
bonding strength and weld ability between the pipe welds which is made of high-strength 
steel and the steel layer. Even though the pipe welds will crack under some extreme 
circumstances, it is easy to be repaired. Thus copper steel composite stave can maintain more 
stable cooling intensity than copper stave. 
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Figure 8. The hot-face temperature distribution of copper steel composite stave and copper 
stave in width wihout cooling water supply 

Transient temperature distribution 

Figure 9 shows the temperature history of copper steel composite stave after the 
accretion loss with an assumed gas temperature 1200 °C . Figure 10 is the same for a 
conventional copper stave. As shown in Figure 9, the temperature on the hot-face and 
copper/steel interface point increase after the accretion loss, but the temperature of cooling 
channel and cool face point is almost constant. However, for the copper stave, the 
temperature on the hot-face, cool-face and cooling channel point increase after the accretion 
loss. This is probably the result of the higher thermal resistance of the steel layer with respect 
to the pure copper. Comparison of Figure 9 and Figure 10 suggests that the differences 
between the two curves of the hot-face point are remarkably small. Both types reach their 
steady state temperature after approximately 300s (5min). From this point of view, we can 
conclude that copper steel composite stave and copper stave have an analogous behavior 
when it comes to the re-formation of accretions. 

Figure 9. Temperature history of copper steel composite stave after the accretion loss 
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Figure 10. Temperature history of copper stave after the accretion loss 

Thermal test 

To examine the validity of the mathematical model, the thermal test of copper steel 
composite stave has been carried out in a thermal test stand. Figure 11 shows a schematic 
diagram of a thermal test stand of copper steel composite stave. The thermal test stand is 
comprised of furnace, copper steel composite stave, temperature detecting system, cooling 
water recirculation system, data collection system. 

In the furnace, high temperature gas is produced by combustion of coke with ambient air 
which is injected into the furnace by air blower, and the gas temperatures between 800°C and 
1200°C were applied. Copper steel composite stave was installed at the furnace top, whereas 
its hot surface is set as the inner surface of the furnace. The temperature distribution of 
copper steel composite stave in experiment was detected by a large number of thermocouples 
which inserted into the stave for difference planes. Cooling water recirculation system is used 
to supply the cooling water and keep the cooling intensity of the stave. Data collection system 
is used to store all the temperature, flow rate information in the whole experimental process. 

Figure 11. Schematic diagram of a thermal test stand of copper steel composite stave: 1 — 
furnace; 2 — copper steel composite stave; 3 — pond; 4 — data collection system; 5 — air 

blower; 6 — chimney; 7 — wireless digital temperature sensor; 8 — wireless digital flowrate 
sensor; 9 — pump; 10 — K-type thermocouples; 11 — platinum-rhodium platinum 

thermocouple 
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Validation of mathematical model 

According to the method of data processing which was presented by L. Shi [14], we 
obtained the boundary conditions which are used to calculate the temperature distribution of 
copper steel composite stave in the experimental process. Figure 12 shows the results, where 
the actual temperature were measured by inserting thermocouples and the calculated 
temperature were simulated by mathematical model in the experimental process. It can be 
seen that the difference between measured and calculated temperature is about 0°C~2°C, and 
the relative deviation is approximately 0 % ~ 2 . 4 7 % . The good agreement between the 
measured and calculated temperature suggests that the model can be used to investigate the 
heat transfer behavior of the staves in blast furnace. 
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Figure 12. Measured and calculated temperature of copper steel composite stave when the 
furnace temperature is 1200°C 

Conclusions 

(1) A three-dimension mathematical model was established to investigate temperature 
distribution of copper steel composite stave. The model was validated by comparing its 
results with the measured temperature distribution of copper steel composite stave in a 
laboratory thermal test. 

(2) The maximum temperature of copper steel composite stave is about 7°C higher than 
that of copper stave and the minimum temperature at the cool face of copper steel composite 
stave is nearly equal to that of copper stave, suggesting that copper steel composite stave has 
the approximated heat transfer performance as copper stave. 

(3) The hot-face temperature of copper steel composite stave is almost equal to that of 
copper stave, and there is a little amount of heat entering into the region between cool face 
and cooling channel, suggesting that this region has a little influence on the temperature 
distribution of the stave and the design that steel instead of pure copper between cooling 
channel and cool face in copper stave is reasonable. 

(4) Increasing the gas temperature will increase the temperature of copper steel 
composite stave. Maximum temperature of copper steel composite stave was lower than the 
critical temperature of copper, i.e., 250°C when gas temperature was increased to 1600°C. 
This is an indication that the copper steel composite stave can satisfy the requirement of 
overheating-free and can be qualified to be used at the belly and lower shaft region of blast 
furnaces. 

(5) If the cooling water supply is lost, the hot-face temperature of copper steel 
composite stave and copper stave will exceed the critical temperature of destruction of pure 
copper. As a result, it is very important to maintain a stable cooling intensity. 

(6) The temperature on the hot-face point of copper steel composite stave and copper 
stave increase after the accretion loss, and the differences between the two curves are 
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remarkably small. Copper steel composite stave reach their steady state temperature after 
approximately 300s which is almost equal to copper stave, suggesting that copper steel 
composite stave and copper stave have an analogous behavior when it comes to the re-
formation of accretions. 

(7) Copper steel composite stave has the same heat transfer behavior as copper stave, but 
more stable cooling intensity than copper stave. Consequently, copper steel composite stave 
is more suitable than copper stave for installing in the belly and lower shaft region of the 
blast furnace. 

References 

1. N. Q. Xie et al., "Analysis of Effect of Gas Temperature on Cooling Stave of Blast 
Furnac e", Journal of Iron and Steel Research, 17(1) (2010), 1-6. 

2. X. J. Ning et al., "Analysis of Temperature, Stress, and Displacement Distributions of 
Staves for a Blast Furnace", International Journal of Minerals, Metallurgy and Materials, 
16(5) (2009), 512-516. 

3. G. X. Wang et al., "Three-dimensional Modelling of the Wall Heat Transfer in the Lower 
Stack Region of a Blast Furnace", ISIJInternational, 37(5) (1997), 441-448. 

4. L. J. Wu et al., "Heat Transfer Analysis of Blast Furnace Stave", International Journal of 
Heat and Mass Transfer, 51(11-12) (2008), 2824-2833. 

5. L. Shi et al., "Thermal Distortion of Blast Furnace Copper Staves", The Chinese Journal 
of Nonferrous Metals, 15(12) (2005), 2040-2046. 

6. Y. W. Huan et al., "Thermo-Mechanical Coupling Finite Element Analysis of Blast 
Furnace Copper Staves", Metallurgical Equipment, 3 (2009), 45-60. 

7. C. P. Yeh et al., "Conjugate Heat Transfer Analysis of Copper Staves and Sensor Bars in 
a Blast Furnace for Various Refractory Lining Thickness", International Communications 
in Heat andMass Transfer, 39(1) (2011), 1-8. 

8. L. Qian et al., "Quantificational Indexes for Design and Evaluation of Copper Staves for 
Blast Furnaces", Journal of University of Science and Technology Beijing, 15(1) (2008), 
10-16 . 

9. S. S. Cheng et al., "Optimum Design and Layout of the Cooling Apparatus for Long 
Campaign-ship Blast Furnace", Journal of University of Science and Technology Beijing, 
10(4) (2003), 24-28. 

10. T. Wu et al., "Model of Forming-Accretion on Blast Furnace Copper Stave and Industrial 
Application", Journal of Iron and Steel Research, 19(7) (2012), 1-5. 

11. S. S. Cheng et al., "Monitoring Method for Blast Furnace Wall With Copper Staves", 
Journal of Iron and Steel Research International, 14(7) (2007), 1-5. 

12. X. J. Ning et al., "Thermal State Experiment and Analysis of Thin Copper Cooling Stave", 
Journal of University of Science and Technology Beijing, 9(2) (2007), 126-129. 

13. J. C. Zheng et al., "Thermal Test and Numerical Simulation of the Temperature Field of a 
Blast Furnace Copper Stave", Journal of University of Science and Technology Beijing, 
30(8) (2008), 938-941. 

14. L. SHI et al., "Study on Cast Copper Stave and Cast Iron Stave of Long Campaign Blast 
Furnace", (Ph.D. thesis, University of Science and Technology Beijing, 2006), 21-156. 

15. Zhongyong Xiang, Xiaoliu Wang, Blast Furnace Design-Design Theory and Practice for 
Blast Furnace Ironmaking Process (Bei Jing, BJ: Metallurgical Industry Press, 2007), 
373. 

753 





Characterization of Minerals, Metals, and Materials 2015 
Edited by: John S. Carpenter, Chenguang Bai, Juan Pablo Escobedo, Jiann-Yang Hwang, Shadia Ikhmayies, 

BowenLi, JianLi, Sergio Neves Monteiro, Zhiwei Peng, and Mingming Zhang 
TMS (The Minerals, Metals & Materials Society), 2015 

EFFECT OF APPLIED PRESSURE ON THE TRIBOLOGICAL 
BEHAVIOUR OF DUAL PARTICLE SIZE RUTILE 

REINFORCED LM13 ALLOY COMPOSITE 

Rama Arora1, Suresh Kumar2, Gurmel Singh1 and O.P. Pandey2 

department of Physics, Punjabi University, Patiala, India 
2School of Physics and Materials Science, Thapar University, Patiala, India 

Keywords: DPS, Aluminium,Rutile 

Abstract 

The tribological behavior of Dual Particles Size (DPS) rutile reinforced LM13 alloy composite 
was investigated under varying applied pressure from 125 kPa to 625 kPa at a constant sliding 
speed of 1.6 m/s. In the present studies, 15 wt.% of rutile particles of different sizes (50-75 ¡im 
and 106-125 ¡im) are reinforced in the Al-12Si alloy (LM13) by liquid metallurgy route. Mcro-
hardness of the prepared samples was measured in different phases. Mcrostructure, wear 
mechanism and surface morphology of the wear surfaces and debris was observed under optical 
and scanning electron microscope. The change in wear behavior has been explained with 
reference to the observed EDS analysis of the wear track and debris. However, an interesting 
change in wear feature, mild to severe wear transition at critical pressure was noticed in wear 
behavior of the composite. The Al-DPS composite has immense potential to be used as a 
component material for tribological applications. 

Introduction 

Materials for many light weight applications can be developed by the incorporation of a ceramic 
phase in the soft aluminum alloy matrix. The addition of ceramic particles can significantly 
improve the mechanical and wear properties of the composites [1], The degree of property 
enhancement depends upon the choice of the reinforcement which is dictated by several factors 
like intended application, availability and cost effectiveness. The volume fraction, shape, size, 
type of the reinforcement and processing technique employed for the fabrication of the 
composite play significant role in determining the mechanical and tribological properties [2-4], 
In recent years, numerous research work have been reported on the composites reinforced with 
various type of ceramics like SiC, A ^ C ^ B, C, flyash, etc. Minerals like zircon, sillimanite, 
rutile, garnet etc. [5-9] as reinforcement material has been used because of low cost, availability 
and their environment friendly nature. Arora et al. [10] found that fine rutile particle size 
reinforced AMCs offers better wear resistance as compared to the coarse particle reinforced 
composites. Singh et al. [6] found that the wear rate of the composites and the matrix alloy 
increased with the increase in applied load and abrasive size of the sillimanite particles. Das et al. 
[11] used stir casting route for incorporating zircon sand particles of different sizes. The abrasion 
resistance of the composite increased with increase in the amount of reinforced particles. The 
increase in particle size of the reinforcement decreases the wear resistance of the aluminium 
rutile composite [7], Suresh et al. [9] studied the change in microstructural feature of zircon 
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reinforced DPS composites containing 75% fine and 25% coarse particles and found that the 
composite to be better wear resistant material at all temperatures for both low and high loads. 
In the present study, 15 wt.% of rutile particles of different sizes (50-75 pm and 106-125 pm) 
were reinforced in the Al-12Si alloy (LM13) by liquid metallurgy route. The developed samples 
were subjected to wear tests under the varying applied pressure from 125 kPa to 625 kPa at a 
constant sliding speed of 1.6 m/s. Microstructure and wear studies of the wear surfaces and 
debris was observed. It has been found that DPS composites offer great potential of developing 
materials with better mechanical properties and enhanced wear resistance. 

Fabrication of Composites 

A well known LM13 alloy was used as base material for the fabrication of the single particle size 
(SPS) and dual particle size (DPS) composites. Single and dual particle size composites 
containing 15wt.% rutile particles of different sizes (50-75 pm and 106-125 pm) of fine and 
coarse size in a defined proportion were prepared by a conventional stir casting process. This 
process involves the mixing of preheated rutile particles at 350 °C in the vortex created by the 
melt at 800 °C. The constant stirring of the melt by moving the impellar up and down during 
mixing ensured the uniform distribution of the rutile particles in the matrix. Further details on the 
fabrication of these composites are given elsewhere [7], 

Experimental Techniques Used for the Characterization 

The surface morphology of each sample was studied with the help of optical and scanning 
electron microscope at different magnifications. Elemental analysis of the composite at different 
phases was done with SEM-EDS. Micro hardness of the different phases of the composite was 
measured by using Vickers Hardness Testing Machine. Dry sliding wear test using pin-on-disc 
method was done to study the wear behaviour of the prepared composite. The samples of the cast 
composite were machined to 10 mm dia. cylindrical pins and the wear tests were performed on 
pin on disc tribometer under dry sliding conditions in ambient air at controlled temperature. 
Wear tests were conducted at different pressure of 125, 250, 375, 500 and 625 kPa. A constant 
sliding velocity of 1.6 m s 1 was maintained throughout the experiment and sliding distance 
covered during the experiment was about 3000 meters. To study the wear behaviour, wear rate 
was calculated by using the formula, [W (mm3/m) = height change (mm) x pin area (mm2) / 
sliding distance (m)]. The worn surface regions (wear tracks) and collected debris after the dry 
sliding wear tests were also examined under scanning electron microscope. The change in wear 
behavior with the variation in applied pressure has been explained with reference to the observed 
EDS analysis of the wear track and debris. 

Results and Discussion 

Morphological Study of the Cast Composites 

The SEM micrographs of composites reinforced with rutile fine size particles (50-75pm) and 
coarse size particles (106-125pm) and dual size particles illustrate the typical microstructure as 
shown in Figure 1 (a-d) respectively. 
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Figure 1 Optical micrograph of composites containing (a) 15wt.% fine (SPS1), 
(b) 15wt.% coarse (SPS2), (c) 3wt.% fine and 12 wt.% coarse (DPS2) and (d) 
12wt.% fine and 3wt.% coarse (DPS1) particles. 

The composites have shown the fairly uniform distribution of rutile particles which is achieved 
by the constant stirring action of the impeller which delays the particle settling tendency [4], In 
the composite SPS1 (Fig.la), the fine rutile particles are well dispersed and embedded in the 
matrix which confirms the good interfacial bonding between the particle and the matrix. The 
micrograph of SPS2 (Fig.lb), depicts loose bonding with the matrix owing to the less penetration 
of coarse particles in the matrix. The addition of 3% coarse size rutile particles as in the DPS1 
composite has improved the microstructure as the large protruded rutile particles occupy the 
space between the fine particles hence lowers the agglomeration tendency of the fine particles 
during the solidification of the composite (Fig.Id). The inclusion of 3% fine rutile particles in the 
composite as in DPS2, (Fig.lc), not only enhances the bonding between the particle and the 
matrix but also hinders the dendritic growth in the particles depleted regions [10], which 
provides more refinement in the microstructure as compared to the SPS2. 

Micro-hardness 

Micro-hardness measurement has been carried out on the embedded reinforced particles as well 
as in the vicinity of particles and matrix shown in Figure 2. Reinforced particles show high 
hardness which decreases as we move away from particle into the matrix. The high hardness at 
particle/matrix interface indicates good interfacial bonding between particle and alloy matrix. 

Effect of Applied Pressure on the Wear Behaviour 

Wear Rate of the Composites: Wear rate of the composites as a function of sliding distance at 
variable contact pressure from 125kPa to 625 kPa is shown in Figure 3 (a,b). At a particular 
pressure, two type of wear behaviour are displayed by the composites during the dry sliding. The 
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initial stages of run have shown very heavy wear loss due to the statistical fluctuations in wear as 
the abrasive wear between the two surfaces in relative motion is dominant. The continuous 
grinding of the abrasive particles of the two contacting surfaces while sliding reduces the 
sharpness of the asperities. These blunt shaped smooth abrasives cause fall in wear loss and the 
steady state is attained [9], 

Figure 2. Bar graph of micro-hardness at different amounts ratio of rutile 
reinforced particle composites. 

The difference in wear rates of the initial run in wear and steady state goes on continuously 
increasing with the applied pressure from 125kPa to 625 kPa. The increased pressure speeds up 
the crushing and grinding action of the protruded asperities, hence resulting in the increase in the 
wear loss. Application of high contact pressure of 625kPa causes the abrupt change in the wear 
rate which is evident from the comparison of the wear rates as shown in Fig 3(a, b). Increase in 
wear rate with the increase of pressure is on the same pattern as observed by Rao et al. [12], 
High pressure during sliding, fractures the oxide film and lead to the exposure of the substrate 
material thus causing plastic deformation beneath the surfaces. This close contact welds the 
removed materials which can be transferred to the counterface and some of material may fall out 
as wear debris. 
It may be noted from the Figures 3 (a,b) that the wear rate of the composite SPS1 is lower than 
that of the SPS2, as the large surface area of fine size rutile particles enhances the hardness of the 
composite which further lowers the wear rate. Also, the decreased inter-particle distance in the 
matrix of the composite SPS1 enhances the load bearing capacity of the matrix and hence 
increases the wear resistance. On comparing the wear rate of the DPS composites as shown in 
Figure 4 (a, b) it is observed that the DPS1 has shown more improvement in the wear resistance 
as compared to the DPS2. 
The DPS1 has exhibited better wear resistance at all the applied pressures as fine particles 
provide more hardness to the matrix and subsequent addition of coarse rutile particles safeguard 
the matrix acting as a load bearing element. At the same time, inclusion of fine particles in the 
DPS2 has also shown improvement in wear behavior due to modification in the microstructure of 
the composite but the wear loss is higher as compared to the DPS1. The substitution of a portion 
of the particles in the SPS composite by fine or coarse particles to produce the DPS composite 
clearly helps in improving the wear resistance of the DPS composite over that of the SPS 
composite. 
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Figure 3.Wear rate of SPS composites against sliding distance at different 
applied pressure for (a) 15wt.%fine and (b) 15wt.% coarse size reinforced 
particle 

Figure 4.Wear rate of DPS composites against sliding distance at different 
applied pressure for (a) 4:1 and (b) 1:4 ratio of reinforced particle size. 

Morphological Analysis of the Worn Surfaces and Wear Debris: Figure 5(a-d) shows the SEM 
images of wear tracks of the composites DPS1 and DPS2 tested at 125kPa and 625kPa pressure, 
respectively. The abrasive grooves on the worn surface of composites at low pressure (125kPa) 
are due to the abrasive action of the asperities of the steel disc in the matrix. As the hard ceramic 
particles resisted the deformation of the asperities so the composites wear behaviour lies in the 
mild wear regime. 
At higher contact pressure 625kPa, the material removal is governed by adhesive wear and 
delamination of matrix material. The material removal is enhanced by adhesive wear mechanism 
and number of craters is increased showing deep ploughing marks, as shown in Figure 5b. The 
large craters visible on the surface underneath with the presence of cracks indicate the 
delamination wear. On increasing the contact pressure to 625kPa, change in wear transition from 
mild to severe is observed. It is confirmed by heavy damages caused to the specimen surfaces by 
the delamination wear. At low contact pressure 125kPa, ribbon type morphology in wear debris 
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is more often visible because of the decreased interspacing between the particles in the 
composite that reduces the abrasive wear of composite (Figure 6a & 6b). 

Figure 5. SEM micrographs of wear tracks of composites DPS1 (a) 125 kPa, (b) 
625 kPa and DPS2: (c) 125 kPa, and (d) 625 kPa pressure. 

Noodles type structure observed on the wear debris is due to the continuous rubbing and 
crushing of debris between grooves during the wear test of composite SPS1. At higher contact 
pressure 625kPa, adhesive wear as well as delamination of matrix material resulting from the 
crack propagation equally contribute towards the loss of material. Rolled delaminated debris 
depicts that surface has acquired the recrystallization temperature due to the generation of 
frictional heat during sliding [10]. Molten metal balls are formed by the continuous rubbing of 
the thread like debris between the two surfaces. Large plate type debris with cracks confirms the 
dominance of delamination wear which is shown in Fig 6c & d. Shiny and metallic balls as well 
as corrugated debris are also formed resulting from the adhesive wear. At high contact pressure 
wear mechanism is governed by the adhesive and delamination wear in the severe wear regime 
as indicated by the size, shape and the state of the wear debris. 
It is observed from EDS spectrum that certain amount of oxide layer has formed and is stably 
sustained on the contacting asperities. Oxide layer can provide full protection and mild oxidative 
wear prevailed. EDS analysis (Figure 6c & d) of debris indicate the presence of O, Mg, Al, Si, Ti 
and Fe elements. This indicates that apart from base metal, rutile is also coming out from the 
surface. Presence of Fe in the debris may be due to the transfer of steel counterface to the 
composite surface. The transfer of steel inclusions from counterface surfaces to the composite 
wear surfaces is another mechanism which contributes to increase in wear resistance of the 
composites. On comparing the worn surfaces and debris of the composites at high contact 
pressure, it can be concluded that the DPS1 composite displays the better wear performance at all 
contact pressures as compared to the other composites as the size of the rutile particles plays 
dominant role in determining the wear behaviour of the composite. 
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Figure 6. SEM micrographs of composites: wear debris at 125 kPa pressure (a) 
SPS1 (b) SPS2 wear debris and EDS at 625 kPa pressure of (c) SPS1 (d) SPS2 
composites. 

Conclusions 

The size of the rutile particles greatly influences the tribological behavior of the aluminium 
alloy. Rutile particles inclusion in the matrix modifies the microstructure which in turn improves 
the wear behavior of the composite. Dual particle size composites turn out to be better wear 
resistant material under the high contact pressure as compared to single particle composites. At a 
critical pressure, change in wear feature, mild to severe wear transition takes place which is 
confirmed from the morphology of the wear tracks and the wear debris. 
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Abstract 

This work present the preparation and characterization of biodegradable nanocomposites based on 
aliphatic-aromatic copolyester (PBAT)/polylatic acid (PLA) blend reinforced by TiC>2 
nanoparticle. The biodegradable polymeric nanocomposites were prepared by melting extrusion 
process using a twin-screw extruder machine. The influence of the Ti02 nanoparticle addition on 
mechanical and thermal properties of PBAT/PLA blend was investigated by tensile and impact 
tests, SEM, DSC and XRD analysis and the correlation between properties was discussed. 

1. Introduction 

Increasing interest in new materials based on blends of two or more polymers has been observed 
during the last three decades. Blends of conventional plastics (petroleum-derived polymers) and 
biopolymer can form a new class of materials with improved mechanical properties compared with 
those of single components. Polymer blending offers possibility of adjusting the cost-performance 
balance and tailoring the technology to make products for specific end-use applications; extends 
engineering resins' performance; improves specific properties or solvent resistance; and provides 
means for industrial and consumer plastics waste recycling [1], 

Biopolymers have advantages over the conventional polymers; biopolymers are biodegradable and 
renewable materials. Conventional thermoplastic polymers have good mechanical properties and 
thermal stability, much better than the biodegradable ones. There is also a limitation in the 
performance and application of biopolymers in comparison to conventional thermoplastics. 
Therefore the extensive application of these biopolymers is still challenged by one or more of their 
possible inherent limitations, such as poor processability, brittleness, hydrophilicity, poor moisture 
and gas barrier, inferior compatibility, poor electrical, thermal and mechanical properties [2,3], 

Combination of polymer blends with micro or nanofillers appears quite promising on the basis of 
balanced performance of biopolymer, to impart better thermal and mechanical properties, improve 
service temperature, moisture resistance, gas barrier, and in some cases reduce the cost of 
biodegradable thermoplastic polymers. Incorporation of nanoparticles into polymer materials has 
attracted a great deal of attention due to its ability to enhance polymer properties such as thermal, 
mechanical, and gas barrier [2], Inorganic materials such as metals or metal oxides maintain 
properties and stability, even in harsh environments leading to a great deal of research activity. 
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Ti02 among the inorganic materials have particular interesting due to both being a safe material 
for animals and human and stability under harsh condition processes [4, 5], 

The synthesis of inorganic-biopolymer nanocomposites has been intensely studied due to their 
unique combination of properties and widespread potential applications. These generations of 
biocomposites have more desirable functional properties like good mechanical strength and low 
water vapour permeability. Lately, researchers have reported the improvements of biopolymer 
properties by incorporation of nano particles, such as clay, silica, layered silicate nanoparticles, 
calcium carbonate, zinc oxide and titanium dioxide. In general, these researchers have reported 
that the incorporation of nanoparticles improve mechanical properties, as well as barrier and 
antimicrobial properties of biopolymers [6,7], 

This work present the preparation and characterization of biodegradable nanocomposites based on 
aliphatic-aromatic copolyester (PBAT)/polylatic acid (PLA) blend reinforced by TiC>2 
nanoparticle. 

2. Material and Methods 

2.1. Material 

The materials used in this work were biodegradable Aliphatic-aromatic copolyester (PBAT) with 
biodegradable Poly(lactic acid) (PLA), producing a blend with MFI = 8,59 g/ 10 min at 
190°C / 2.16 Kg, and natural Brazilian bentonite light green clay from Boa-Vista, PB, Brazil, and 
TiC>2 nanoparticle. 

2.1.2 Preparation of blend and composite 

PLA and PBAT pellets and the TiC>2 nanoparticle were dried at 60 ± 2 °C for 4 h to reduce its 
moisture content to less than 2 %. The PBAT/PLA blend (40 %/ 60% based on wt%) and 
PBAT/PLA with 2 % (wt %) of TiC>2 were prepared by melting extrusion process, using a co-
rotating twin screw Haake Rheomex P332 extruder. The temperature profile was 
135/145/148/150/150/150 °C. Screw speed was 180 rpm. The extrudates coming out of the 
extruder were cooled down for a better dimensional stability, pelletized by a pelletizer, dried again 
at 60 ± 2 °C for 4 h and fed into injection molding machine and specimens test samples were 
obtained. 

3. Characterization 

3.1. Mechanical tests 

Tensile tests (ASTM D 638) and Izod impact (ASTM D 256-97) tests were performed in this work 
in order to evaluate the mechanical behavior of the materials studied. 

3.2. X-rays diffraction (XRD) tests 

X-rays diffraction (XRD) were recorded on a Siemens - D5000 diffractometer operated at 40 kV 
and 40 mA, with CuKa radiation (X= 15.4 A). 

3.3. Differential scanning calorimetry (DSC) 
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DSC analyses were carried out using a Mettler Toledo DSC 822e from 25 to 200°C at a heating 
rate of 10 °C/min under oxygen atmosphere. DSC analyses of the materials were performed on 
four samples of the irradiated and non-irradiated materials. 

3.4. Scanning Electron Microscopy (SEM) 

Scanning electron microscopy (SEM) analyses were carried out using a LX 30 (Philips). The 
samples were cryo-fractured under liquid nitrogen, and then the fractured surface was coated with 
a fine layer of gold and observed by scanning electron microscopy. 

4. Results and Discussion 

4.1. Mechanical tests results 

Tensile test results - Figure 1 shows the diagram stress (MPa) X strain (mm/mm) for the 
PBAT/PLA blend and PBAT/PLA/TiC>2 nanocomposite. These results shown the average values 
calculated from the data obtained in tests, with standard deviations less than 10 % for all tests. 

Figure 1. Diagram Stress (MPa) against Strain (mm/mm) the PBAT/PLA blend and 
PBAT/PLA/Ti02 nanocomposite. 

As can be seen in this Figure the addiction of Ti02 nanoparticle in PBAT/PLA blend improved the 
tensile stress (of around 20 %) and modulus properties of blend without cause reduction in the 
elongation. These changes should be associated with the interfacial interaction between the PBT 
and Ti02 nanoparticle. 
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Impact test results - With regards to impact properties the Izod impact test results showed a gain 
of about 60 % in impact strength of blend due to TiC>2 addition. The impact strength results of 
blend was of around 50 J/m and of the nanocomposite was of 80 J/m. 

4.2. X-rays diffraction (XRD) analysis results 

The XRD patterns of PBAT/PLA blend and PBAT/PLA/TiC>2 nanocomposite are shown in Figure 
2. It can be seen, the XRD spectrum of PBAT/PLA blend showed a prominent 26 peak at around 
16.80, which has drastically reduced of intensity due to TiC>2 nanoparticle addition. 

(a) 
-PBAT/PLA Blend I 

Figure 2. XRD diffraction patterns for the PBAT/PLA blend (a) and PBAT/PLA/TÌO2 
nanocomposite (b). 

4.3. Differential Scanning Calorimetry DSC) analysis results 

Figure 3 shows the curve of DSC analysis of PBAT/PLA blend (Fig 2 (a)) and PBAT/PLA/TÌO2 
nanocomposite (Fig.2 (b)) 

-PBATJPLA Blend (a) PBAT/PLA/TiOo NANOCOMPOSITE 

Temperature C 

120 160 200 

TEMPERATURE °C 

Figure 3. DSC analysis for the PBAT/PLA blend (a) and for the PBAT/PLA/Ti02 

nanocomposite (b). 

From Figure 3, it could be inferred that compared with the PBAT/PLA blend (Fig.3(a)) the 
endothermic melting enthalpy of PBAT/PLA blend increased considerably due to TiC>2 
nanoparticle addition. The addition of 3 % in wt of TiC>2 in PBAT/PLA blend leads to obtaining 
of new material with higher melting enthalpy, and melting temperature than original blend. The 
increases in the melting enthalpy can be attributed to the increase in crystallinity of material. It 
indicated that blending PBAT with PLA, followed by TiC>2 nanoparticle addition caused structural 
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changes in the polymeric chains of blend component. It means that blend processing and TiC>2 
nanoparticle addition had a capability to reorient the polymeric molecules presents in crystal form 
in order to obtain a composite material with high melting enthalpy and, consequently, high 
crystallinity percentage. 

The average values of melting enthalpy (AHm) and melting temperature (Tm) of the materials 
studied are given in Table 3. As it can be seen, the melting temperature and enthalpy of blend and 
composite were higher than of PLA and lower than of PBAT indicating good miscibility between 
the components of the blend and also the TiC>2 nanoparticles. 

Table 1. DSC analysis results of materials studied 

Materials Melting Temperature Melting Enthalpy 
Materials 

(Tm, °C) ( M V g " 1 ) 

Neat PBAT 135.7 298.8 

Neat PLA 58.9 43.5 

PBAT/PLA blend 139.1 135.5 

PBAT/PLA/Ti02 nanocomposite 158.9 185.7 

4.4. Scanning Electron Microscopy (SEM) analysis results: 

SEM micrographs of cryo-fractured surfaces of PBAT/PLA blend and PBAT/PLA/TiC>2 
nanocomposite are showed in Figure 4. 

Figure 4. SEM micrographs of cryo-fractured surfaces of PBAT/PLA blend (a) and for the 
PBAT/PLA/Ti02 nanocomposite (b). 

As it can be seen, both blend Fig. (4a) and nanocomposite Fig. (4b) showed a slightly rough cryo-
fractured surface. However, from Figure (4b), it can be see that there are not agglomerates in the 
surface of the blend due to nanoparticle addition. This result suggests that all TiC>2 nanoparticles 
were dispersed in the PBAT/PLA blend. 

5. Conclusions 

The aim of this study was to process and investigate the changes in the mechanical and 
morphological properties of the biodegradable PBAT/PLA blend due to the incorporation of TiC>2 
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nanoparticle. Results showed that incorporation of 2 % (wt %) of TiC>2 nanoparticle in the blend 
matrix of PBAT/PLA, resulted in a gain of mechanical properties of blend. The DSC analysis 
results indicated that blending PBAT with PLA, followed by of TiC>2 nanoparticle addition caused 
structural changes in the polymeric chains of blend component, increased the original melting 
enthalpy and temperature of blend, and consequently, increased the crystallinity percentage. This 
result indicates that TiC>2 nanoparticle addition in the PBAT/PLA matrix improved the 
biodegradable blend properties and led to materials with superior properties suitable for several 
industrial applications. 
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Abstract 

The dissolution of Ag contained in metallurgical tailings was studied by adding ions Cu2+ and 
Zn2+ in S203

2" medium. Chemical analysis of mine tailings by cupellation revealed a Ag 
concentration of 71 g/ton. The XRF and XRD analysis confirmed the preponderance of Si02 

in the mineral matrix. The experimental dissolution process was conducted in alkaline 
solution using six concentrations of NaOH and five of S2O32", at different temperatures, also 
using five concentrations of Cu2+ and Zn2+ as a catalyst. The results showed similar values for 
both systems (96.8% and 97.13%). The ion Cu2+ and Zn2+ increases the dissolution of Ag, and 
decrease the reaction time of dissolution. Under the conditions used, pH and stirring rate did 
not affect the dissolution of Ag. 
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Introduction 

The mining industry is an important activity for many countries throughout the world. 
Mexico is a good example as it's mines and metallurgical plants exhibit high production of 
precious metals such as gold and silver. Silver is especially significant to Mexico as the 
mining industry is the leading supplier of silver across the globe. 

Precious metals are usually leached with cyanide as the complexing agent and oxygen as 
oxidant, because this process has proved very effective for dissolving gold and silver from 
their ores. 

The need to process ores difficult to treat, and care of the environment due to the use of 
cyanide, has encouraged research and development of new systems leaching of precious 
metals. 

The system thiosulfate-copper-ammonia is considered a promising alternative to cyanide 
[1] and has been studied by different research groups since 1980 [2, 3], 

In this process copper ions oxidize the precious metal while the thiosulfate complexes with 
them. The ammonia is also added to stabilize the cupric ions in the alkaline solution, 
preventing their precipitation as copper hydroxide [4], 

Recent research has revealed the high efficiency of the leaching solutions-copper-
ammonium thiosulfate: precious metals can be recovered from sulfide ores at 48 h. 
However, the reaction mechanism in this leaching system is reported to be very 
complicated. 

It has been reported that the leaching kinetics of silver can be enhanced by an increase in 
the concentration of thiosulfate [5]; these investigations suggest that leaching of silver in 
these solutions would be a promising alternative process; however, the high consumption of 
the cupric ions and thiosulfate has made this leaching system economically infeasible for 
industry. Commercially, the cyanide leaching process is much more widely used [6], 

Some have sought to use other metal ions to oxidize the silver, for example, [7] ions as an 
oxidizing agent in the thiosulphate leaching of silver contained in mine waste. Maximum 
solutions of 97% of precious metals in times of four hours were reached under certain 
conditions of analysis. 

Consequently, research scientists have focused on increasing the oxidation capacity of the 
leaching system while trying to avoid the oxidative loss of thiosulfate, in order to reduce 
the time of leaching and increase the percentage of dissolution of silver precious metal. 
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Experimental 

The study area is located in the city of Pachuca, Hidalgo, Mexico, to N20 ° 06' W and an 
elevation of 2423 meters. The sample was characterized chemical by ICP and also 
mineralogical using XRD technique. Leaching experiments were carried out in a 
conventional glass reactor of 500 mL capacity, fitted with a measuring grid agitation 
speed and temperature controller. 

A system of continuous pH measurement based on a pH meter equipped with a pH 
electrode suitable for operation in extreme conditions of acidity and alkalinity was 
implemented. PH adjustments of the experiments were performed by adding a 1% H 2 S O 4 

-1 
solution and NaOH concentration of 0.2 mol L , depending on the system being studied. 
Oxygen was injected to give an atm pressure inside the reactor. The system temperature 
was controlled by a coupled heating grill thermocouple. The start of the reaction was taken 
as that instant when the sample contacts mineral extraction fluid. Samples at different 
times t were taken. The experimental conditions used in this study are presented in Tables 
1 and 2. 

Tabla 1. Experimental Conditions S203
2--02-Cu2+System. 

Parameters Experimental Conditions 

Particle Size (microns) 149, 106, 75, 56,44, 37 y 25 

[Cu2+] (gL"1) 0,0.25, 0.50, 0.75, 1 y 1.5 

[S203
2"] (gL"1) 2.5, 5 ,7 .5 ,10 ,20 40, 80 

Temperature (K) 288,298, 308, 318 y 328 

Agitation Speed (min"1) 250, 350, 450, 550, 650 y 750 

Stirring System Magnético 

Partial Pressure of 0 2 (atm) 0.2 y 1.0 

p H 5 ,7 ,9 , 10, 11 y 12 

Tabla 2. Experimental Conditions S203
2--02-Zn2+ System. 

0.55, 1.1, 1.65,2.2, 3.3,4.4,6.6 , 8.8 y 13.2 

5, 10, 20,40, 80 y 100. 

298, 303, 308, 313y 318 

450, 550, 650,750 y 850 

149 

Magnético 

4, 5 ,6 ,7 , 8 y 10 

[Zn ] (gL"1) 

[S203
2"] (gL"1) 

Temperature (K) 

Agitation Speed (min-1) 

Particle Size (microns) 

Stirring System 

p H 
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Results and Discussion 

The results of the chemical and mineralogical characterization, obtained by Emission 
Spectrometry technique of inductively coupled plasma (ICP) and (Cupellation) showed 
very similar silver content, establishing that the concentration of precious metals in the 
tailings is in the order of 61 g/ton. and 71 g/ton. respectively as shown in Tables 3 and 4. 

Table 3. Shows the chemical composition of the tailings two Carlos Hidalgo State 

Element Percent Element Percent 
Fe 2.40 Ti 0.0058 
S 0.87 V 0.0019 

Ca 0.60 Sr 0.0018 
AI 0.22 Sb 0.0016 
Mg 0.087 As 0.0013 
K 0.064 Mo 0.0012 

Mn 0.054 Cr 0.0011 
Pb 0.047 Se 0.00074 
Si 0.044 Ni 0.00052 

Na 0.043 Co 0.00031 
Zn 0.028 Cd 0.00019 
P 0.025 Li 0.00019 

Ba 0.011 1 Element ppm 
Cu 0.0097 Ag 61 

Table 4. It shows the total content of silver in the tailings two Carlos State of Hidalgo. 

1 Element Percent 1 
1 Ag | 71 | 

As shown silver content obtained by this technique is better than that reported by ICP, 
because a portion of these precious metals are encapsulated in a siliceous matrix. 

The diffractogram obtained identification analysis by XRD, is presented in Figure 1. This 
diffraction pattern shows that the majority phase is mineral quartz (Si02) (JCPDS No. 00-
074-3485) which represents the matrix mineralization of these mineral tailings followed by 
aluminosilicates (JCPDS No. 01-089- 8572), which probably is formed by the combination 
of silica with metal oxides, especially those having in their molecules the alumina and 
alkali oxides, while minority mineralogical species corresponding to metal phases as oxides 
and sulfides. 
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Fig. 1 X ray diffractogram of two Carlos tailings, which are observed mineralogical species 
present. 

To study the effect of metal ions Cu2+ and Zn2+ on leaching of silver from the tailings and 
maximum release, a series of experiments at different concentrations were performed. 

Figure 2 shows that the addition of Cu2+ Ag dissolution into solution is increased, due to a 
concentration of 0.25 gL"1 only 58% leached silver, was obtained. 

At the same time as a concentration of Cu2+ increases up to 1.5 gL"1. 73% of silver 
dissolution was obtained at temperature of 273 K. 

Fig. 2 Plotting silver leaching in function of time for all concentrations of Cu2+. 
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Figure 3 shows that the behavior of ions of Zn2+ is very similar to Cu2+ found that 
dissolution of Ag in solution increases from 52 % to 74%, from 0.55 to 2.2 gL"1 of Zn2+ at 
273 K. 

Fig. 3 Graphical silver leaching versus time for all concentrations of Zn2+. 

Fig. 4 Plotting silver leaching function of time at 318 K, with the addition of Cu2+ and Zn2+. 
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The results, the addition of Cu 2+and Zn 2+ ions, in the proposed systems are seen in Figure 4. 
One can appreciate that these ions promote dissolution reaction of the precious metal, the 
increase in the percentage of leaching in the presence of Cu2+ and Zn2+. 

Is probably due to a reaction in parallel with the oxidation of silver by oxygen, because it was 
observed that the leaching reaction of the Ag in the O2-S2O32" without catalyst system, 
basically depend on the dissolved oxygen in the system, unlike the reaction in the presence of 
Cu2+ and Zn2+, the reactions of Cu2+ to Cu+ and Zn2+ to Zn+ cause oxidations of Ag°to Ag+. 

Conclusions 

The chemical composition of mineral studied, revealed the presence of silver in amounts 
economically profitable reporting 71 g/ton. 

In the concentration range studied, it appears that the presence of Cu2+ and Zn2+ ions, 
have a marked influence on the reaction of dissolution of silver increases dramatically 
as the percentage of dissolution of silver, however, has Cu2+ favorably influences the rate 
of leaching of silver and that for a given reaction time reaches a higher percentage of 
leached silver. 
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Abstract 

The sheet-like NiS-ZnS heterostructured composites were prepared by the 
microwave hydrothermal. The fabrication of the heteroj unctions broadened the range 
of light response of ZnS. The photoexcited electrons of ZnS migrated to the redox 
potential of NiS/Ni2S under visible light irradiation, which can facilitate the effective 
separation of photogenerated electrons and holes in space. The visible photocatalytic 
activity towards hydrogen production for NiS/ZnS nanosheet heterostructed 
composites without co-catalyst achieved 0.28 mmol h and the quantum efficiency 
was up to 18.6% under the wavelength with 420 nm visible light irradiation. 

Introduction 

As a potential answer to the global energy crises and environmental pollution, 
the application of hydrogen energy has attracted great attention[l]. At present, 
hydrogen is mainly produced from fossil fuels or the high-energy consumption 
process, which are not environmentally friendly and economic[2]. Therefore, 
photocatalytic water splitting using semiconductors photocatalysts has received more 
and more attention[3], which is a promising approach for clean, low-cost and 
environmentally friendly production of hydrogen by using solar energy [4,5], Ti02, as 
one of the first photocatalysts, has been widely used for photocatalytic water splitting 
[6,7], However, due to the large band gap (i.e., 3.2 eV for anatase and 3.0 eV for 
rutile), it could only absorb the UV light, which accounts for only 4% of the total 
sunlight, and thus restricts its practical applications. So it is highly desirable to 
develop photocatalysts with high activities under visible light illumination. 

Recently, metal sulfides have been intensively studied due to their unique 
catalytic functions and regarded as good candidates for visible-light-driven 
photocatalysts [8-10], Among them, with a narrow band gap (2.4 eV), CdS is the most 
often applied for photocatalytic H2-production due to its high activity under visible 
light and sufficiently negative flat-band potential[ll,12]. However, pure CdS is 
usually not very active in hydrogen production and need of employing noble metal as 
co-catalysts [13,14], These noble metals (e.g., Pt, Pd, Rh, Ru, Au) which loaded on 
semiconductor photocatalysts could efficiently separate photogenerated electrons and 
holes, and play an important role in the production of H2 or 0 2 . Moreover, cocatalysts 

803 



offer the low activation potentials for H2 or 0 2 evolution and are often served as the 
active sites for H2 or O2 generation[15-17]. However, in the view of practical 
application of photocatalytic hydrogen production technique, cost reduction of the 
photocatalyst is one of the key issues. Thus, efficient photocatalysts without the 
presence of noble metals have become very attractive. In this regard, numerous efforts 
have been undertaken to replace noble metals with low-cost additives [18,19], Taking 
CdS into account, attempts have also been made to combine a second material (e.g., 
oxides, sulfide, polymer matrix, transition metal carbides[20-23]) instead of noble 
metals to improve the photocatalytic H2-production rate of CdS. In particular, some 
metal sulfides which have been demonstrated high activity in H2 involved reactions in 
heterostructure catalysis[24-26] are suitable candidates for working as a cocatalyst. 
For example, Li et al. [27,28] found that the activity of CdS can be enormously 
increased by loading MoS2 as a cocatalyst though impregnation of molybdenum 
precursor and subsequent thermal treatment in H2S. Yan et al.[29] reported that CdS 
loaded with Pt and PdS achieved the highest reported quantum yield of about 93% in 
the presence of sacrificial reagents under visible-light irradiation. Some other metal 
sulfides such as Ag2S[30,31], SrS[32] are also useful for the enhancement of the 
photocatalytic H2-production activity of CdS. However, it is should be noted that 
these effective sulfides such as MoS2, Ag2S and PdS are also very expensive. Thus it 
is interesting to find out other sulfides which are inexpensive and common 
used.What's more CdS is a toxic substance and harmful to the environment. In 
particular ZnS, a II-VI group compound semiconductor, is an important material with 
a band gap energy (Eg) of 3.6 eV. Due to its excellent properties of luminescence and 
photochemistry, its nanostructures have been studied extensively and reported in 
recent years. Zhang[33] report a remarkble work about CuS/ZnS p orous nanosheets 
by hydrothermal and cation exchange methods, the as-prepared CuS/ZnS porous 
nanosheets reach a high H2 production rate of 4147 u mol h 'g 1 at CuS loading 
content of 2 mol % and an apparent quantum efficiency of 20% at 420 nm, however 
its prapeard time are quite a severial hours. 

In this paper, the Intercrossed heterostrcture NiS/ZnS Nanosheet photocatalyst 
were first fabricated here by a simple microwave hydrothermal method in short period 
time, and which shows highly visible light-driven photocatalytic H2-production 
activity from aqueous solutions containing Na2S and Na2S03 without Pt cocatalyst. 
Since single component semiconductors, such as CdS and Ti02, usually could not 
obtain high photoefficiency and high activity for H2 production, the heterostructure 
photocatalysts could give rise to an interparticle electron transfer which could 
enhance the rate of H2 production when mixed semiconductors contact intimately. 
This intimate contact can also be called as microheterojunction formed between two 
semiconductors.Composite CuS/ZnS photocatalyst was prepared and applied to the 
photocatalytic Water Splitting to produce H2. The activity for H2 evolution was better 
than that of the pure CuS or ZnS, and the same time broaden ZnS's light response 
range, from UV expand to the visible light, which show excellent visible-driven 
photocatalytic H2-production activity. 
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Experimental Procedure 

Synthesis of ZnS(en)05 precursor. ZnS(en)0.5 nanosheets were prepared by a typical 
hydrothermal synthesis method,1.5 g Zn(N03)2 and3.0 g thiourea were dissolved in 
40 mL of ethylenediamine under constant stirring and last for30 min. then mixed 
solution transferred to a 70-mL reaction kettle liningand maintained at 150 °C for 50 
min. After that, the as-prepared sample were washed with distilled water and 
ethanowas collected by centrifuge, at last, centrifuge and dry. 
Synthesis of NiS/ZnS nanosheets. ZnS(en)0.5 nanosheets (0.15 g) were ultrasonically 
dispersed in water, and then a certain amount volume of Ni(N03)2was added stirring 
for 30 min at room temperature. 70-mL reaction kettle liningand maintained at 140 °C 
for 30 min. at last, the as-prepared samples were washed,centrifuged and dry.and the 
several molar ratio ofNi/Zn is equal to0.6, 1.2,1.8,2.4,3.0. 
Characterization Methods 

X-ray power diffraction (XRD) patterns were obtained on a D/Max-RBX X-ray 
diffractometer (Rigaku, Japan) using Cu Ka irradiation at a scan rate of 0.057s. sccan 
electron microscopy (SEM) image were obtained by S4800. UV-Vis diffuse 
reflectance spectra (DRS) of the samples were obtained on a UV-2550 UV-Vis 
spectrophotometer (Shimadzu, Japan). BaS0 4 was used as a reflectance standard in 
the UV-Vis diffuse reflectance experiment. 

Results and Discussion 

Composition and morphology 

Figure 1 shows the SEM image of the typical sample of 1.8 mol.%NiS/ZnS. 
Through Fig la,it can be seen that the sample of ZnS(en)0.5 nanosheets exhibits typical 
sheet-like structure,The dimension which in the range about 500-700 nm. After 
second microwave hydrothermal method,which can be shown in Fig 1 b, NiS/ZnS still 
maintain nanosheet structure and the dimension slightly reduced to 400-700 nm. 

Figure 1 SEM image of the ZnS(en)0.5(a), 1.6 mol.% NiS/ZnS (b) 
Figure2 shows the XRD patterns of the series as-preapered sanples with different 
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mol.%NiS/ZnS. In Figure2 the obvious characteristic NiS phase is not detected by 
XRD here, that mabe NiS show weak crystallization and low content of this 
heterostructure which difficult for XRD to test, however through XRD result, it can 
be obtain the rule that with increasing NiS molar content, the diffraction peaks of ZnS 
become weaker, and at same time becomes to slightly wider. According to Scherrer 
formula, It implys that the crystallinity of ZnS tend to decreased and its average size 
of the crystal particle also become smaller. Further more, it is start to appear 
characteristic peak of NiS which the content of Ni added. 

2 Theta ( d e g . ) 

Figure 2. XRD patterns of the as-prepared samples with different Ni content 

Optical property 

UV-vis DRS of ZnS and the as-prepared NiS/ZnS composites with different Ni 
contents are shown in Figure 3. It can be clearly observed that ZnS possesses the 
largest absorption edge at 360 nm. Once NiS partical begin despersed on the surface 
of ZnS nanosheets, a clear red-shift of the absorption edge occurs for the series 
as-prepared NiS/ZnS heterostructer. This indicates that the constructed heterogeneous 
structure, can effectively extend the response optical light wavelength range of the 
ZnS based photocatalyst, after NiS particals and ZnS crystalline grain conbatin 
together to form heterostrue, the absorption edge which shown in Figure3. can 
broaden to 650 nm. The absorption at 600 nm can be assigned to the d-d transition of 
Ni(II). 
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Figure 3 UV-vis absorption spectra of the heterostructure photocatalyst with different 

Ni content. 

Photocatalytic activity for hydrogen production 

The photocatalytic activities of the as-prepared NiS/ZnS nano-sheets 
photocatatysts as well as bare ZnS were evaluated in an aqueous solution containing 
0.20 M N a 2 S 0 3 and 0.30 M N a 2 S under visible light irradiation in Figure 3. Pure ZnS 
shows no H2 production ability for the absorb wavelength of ZnS cannot visible light 
response according to UV-vis result. After NiS begin dopping on the surface of the 
ZnS, the photocatatystic activity of the as-prepared samples improved, when the 
content of NiS up to 1.8 mol. % the photocatalytic H2-production activity of 
composites reaches the highest activity of 0.28 mmol h"1 and the corresponding 
apparent quantum efficiency is 18.6 % at 420 nm. The enhanced H2 production rates 
of the as-prepared NiS/ZnS composites regardless of the Ni contents can be attributed 
to the separation of photogenerated charge between NiS and ZnS by the effect of 
heterostructure. However the further increasing of the content of NiS the H2 

production moles decreased. The reasonable explanation is that excessive deposition 
of NiS on ZnS surface caused new recombination of photogenerated charge carriers 
Moreover, the dopping of excessive NiS particals can decrease the surface active sites 

The photoinduced interfacial charge transfer which photogenerated electron on 
ZnS valence band migrated to the redox potential of NiS/Ni2S, which can further 
explains the novel heterostructure could response on the visible light and show 
excellent photocatalytic hydrogen production quantum efficiency, the follow figure 
gives more intuitive reveal of photogenerated charge carries separation on 
heterojunction among NiS and ZnS. 

of ZnS. 
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V/NHE 

Figure4. Schematic illustration of Ni/ZnS heterostructure as the proposed 
mechanism for photocatalytic H2 production. 

Conclusions 

In summary, In this paper, we have fabricated a novel NiS/ZnS heterostructure 
pholocatalyst utilized microwave hydrothermal method, under visble light irradiation, 
this heterostructure performs highly photocatalytic hydrogen prodction activity. The 
optimal content o fNiS was 1.8 mol.% and the rate of hydrogen productin can reached 
up to 0.28 mmol h"1. The corresponding apparent quantum efficiency is 18.6 % at 420 
nm. The construction of the heteroj unctions broadened the range of light response of 
ZnS. The photoexcited electrons of ZnS migrated to the redox potential of NiS/Ni2S 
under visible light irradiation, which can facilitate the effective separation of 
photogenerated electrons and holes in space. 
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