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Preface 

This volume collects selected papers presented at the Symposium on Characterization 
of Minerals, Metals and Materials organized in conjunction with the 2012 TMS 
Annual Meeting in Orlando, FL, USA. 

To process minerals, metals and materials, it is always necessary to understand the 
chemistries, physical properties, forms, structures, occurrences, functions, relations, 
etc., of the associated materials prior, during, and after the processing of materials. 
This type of work, which is broadly understood as characterization, is usually the 
first step taken to define and solve the industrial processing problems. Various 
characterization technologies have been developed and applied to meet the needs. In 
many cases, characterization has served as the brain for the processing of materials. 

The Materials Characterization Committee of TMS sponsors this symposium 
annually as a major event of its activities. The committee is under the Extraction & 
Processing Division and has extended its focus from the Process Mineralogy for the 
mineral processing industry in the early days to the downstream metals and materials 
processing fields. Characterization is the common theme for all these areas. 

This symposium received more than 150 abstracts from all over the world. Among 
them, 105 were selected for presentations on the symposium and 60 papers were 
accepted for publication in this book after a peer review process. 

The book is divided into nine sections and each section has different focus. They 
include Characterization Technologies, Minerals and Ceramics, Ferrous Metals, 
Nonferrous Metals, Light Metals, Environmental and Construction Materials, Carbon 
and Soft Materials, and Energy, Electronic and Optical Materials. In each section, 
the characterization technologies developed and applied for the specific material are 
discussed with various examples. 
There are very few books published with focus on characterization. We hope this 
book will serve as a good reference book in this area. We understand the breadth 
of characterization and materials processing. This book will by no means be able 
to fill all the needs. But it will provide the up to date information on the current and 
newly developed characterization technologies with examples on how they have been 
applied for the processing of various materials. This can be handy and stimulative for 
people trying to solve problems in the material industries. 
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We are very grateful to the authors of the included papers for their knowledge 
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Abstract 

Characterization of the microstructure and revealing dendrites in the microstructure and also 
measuring the dendrites arm spacing and the distribution of silicon were studied in various pieces 
of compacted graphite cast irons with 0.17, 0.185, 0.2, 0.22 and 0.24 percent of mischmetal. 
Black-white and color metallography (quantitative and qualitative) were carried out on the 
various steps of the cast samples. Distribution of silicon was studied quantitatively using spot 
analysis with scanning electron microscopy. Furthermore, effects of two variables (cooling rate 
and mischmetal percentage) on dendrites arm spacing were investigated. 

In order to color metallography, the samples were plunged into a boiling solution of 18% KOH, 
9% NaOH and 9% picric acid in distilled water. It was inferred that the microstructure coloration 
varies according to the sequence: green—»red—»yellow—►blue—»dark brown—»light brown as the 
silicon content decreases. After observing dendrites, dendrites arm spacing was measured. In this 
method, it seems to be possible to predict the mechanical properties of compacted graphite cast 
irons by knowing dendrites arm spacing and without any destructive testing. After studying the 
two variables, it was concluded that dendrites arm spacing decreases as the amount of 
mischmetal increases and it increases as the cooling rate increases. 

Introduction 

In general, detecting of primary austenite dendrites is not possible in cast irons due to their 
solidification system. Observing the dendrites in the room temperature is possible only in those 
gray cast irons that contain type D graphite. With collecting data of dendrites arm spacing (DAS) 
measurements, it could be possible to achieve the mechanical properties of cast irons without any 
destructive testing. In this research by applying a particular method, primary austenite dendrites 
and also distribution of silicon in the microstructure has been observed. 

Experimental Procedure 

In order to provide the basic melt, ductile iron ingot was used. Rare-earth elements were added to 
five step block patterns. Graphite compaction process was done by adding the mischmetal alloy 
to the melt. After hot mounting, the samples were ground on water-lubricated paper down to 
1500 grade, and finally polished using diamond. In order to color metallography, the specimens 
were plunged into a boiling solution of 18% KOH, 9% NaOH and 9% picric acid in distilled 
water. 2% Nital etchant was used for black-white metallography. Remelted test pieces were 
analyzed by quantometer before pouring. In order to study the effect of cooling rate on 
quantitative distribution of silicon, EDX spot analysis of samples was performed on samples. 
DAS was measured in five regions of some samples with ocular counting the number of arms in 
a particular length and finally using the following formula [1]. DAS= L / [M (n-1)] 
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Hardness testing was carried out by Vickers hardness testing, 30kgf was selected as force. 

Results and Discussion 

Spot Analysis 
According to Radzikowska [2], the highest amount of Si usually can be found inside the eutectic 
ceil while the interceli regions are almost silicon free. By matching the analysis results of Si with 
metallographic images, it became evident that the microstructure color changes as the Si 
percentage varies. The microstructure coloration varies according to the sequence: green —»red 
-^yellow -*blue —> dark brown-* light brown as the silicon content decreases. The same 
sequence of colors corresponds to the stage of austenite formation from the liquid: the earliest 
stage is close to the graphite nodules while the latest one is at the cell boundaries. 

Fig. 1, The microstructure of the sample with 0.22 mischmetal and 3mm thickness, after etching 
by boiling solution of KOH+NaOH+Picric acid. 

Formation of different graphite morphology is due to possibility of growth on (1010) or (0001) 
planes [3]. Application of rare-earth elements in varying graphite morphology is due to decrease 
in concentration of impurities such as oxygen and sulfur which are dissolved in the molten metal. 

Table 1. Estimation of compacted graphite amount in different steps (%) 
Added mischmetal 

(wt.%) 

0.17 
0.185 
0.2 

0.22 
0,24 

3 
0 
0 
0 
0 
0 

6 
35 ±5 
30 ±5 
25 ±5 
20 ±5 
5 ± 5 

Thickness 
12 

70 ± 5 
65 ± 5 
50 ±5 
45 ±5 
35 ± 5 

of Step (mm) 
25 

90 ±5 
85 ±5 
80 ±5 
75 ±5 
70 ±5 

37 
95 ± 5 
90 ± 5 
90±5 
90 ± 5 
85 ± 5 

50 
95 ± 5 
90 ± 5 
90 ± 5 
85 ± 5 
80 ± 5 
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0.15 0.17 0.19 0.21 0.23 0.25 

Added mishmetal (vvt.%) 

Fig. 2. Effect of changes in added mischmetal percentage on the compacted graphite formation in 
the sixth step of the samples. 

The exact control over the amount of the rare-earth elements in the molten metal provide the 
possibility of graphite growth based on both mechanism, the spiral growth and the growth in the 
presence of impurities. The formation and the growth of the compacted graphite are due to 
growth on (1010) and (0001) planes simultaneously. Being fined down the structure of flake 
graphites, and the formation of structure type D in the least thickness of the samples are resulted 
from increasing in the cooling rate. It could be justified by the role of the cooling rate in 
determination of predominant mechanism of growth. Changes in the cooling rate could result in 
predominance of spiral growth mechanism or graphite growth in presence of rare-earth element, 
which are dependent on driving force. Due to possibility of impurities absorption in the (1010) 
planes of graphite crystal which results in forming the rough interface, these planes have a high 
intrinsic mobility. Therefore, growth on these planes needs less driving force in comparison with 
(0001) planes. However, Subramanian et al. [3] in dynamic modeling of crystal growth reported 
that growth mechanism based on the presence of impurities on the (1010) planes of graphite have 
a linear dependence on the driving force. While growth rate of spiral mechanism on the (0001) 
planes are affected by the driving force parabolically [3]. Thus, despite the predominance of 
impurity mechanism in low cooling rates, spiral growth mechanism in the presence of high 
driving forces can overcome the growth mechanism based on the presence of impurities, which 
results in increasing the formation of the spheroidal graphite in the microstructure of CGI. In Fig. 
3 with a decrease in the cooling rate, possibility of the compacted graphite formation has been 
provided based on the simultaneous presence of the spiral growth mechanism and the growth 
based on the impurities presence, and the compacted graphite amount has decreased. 

The Effect of the Rare-Earth Elements Content on the Microstructure 
Based on the results, an increase in the rare-earth elements amount has associated with 
increasing the formation of cementite. Fear of forming cementite phase in the CGI 
microstructure is the most important restriction on the use of rare-earth elements in the graphite 
compaction process. Graphite compaction with rare-earth elements results in increasing the 
formation of cementite in comparison with Mg [4]. The present research also approves the effect 
of increasing the rare-earth elements amount on the formation of cementite. This effect is due to 
the role of these elements in reducing the space between stable and metastable eutectic lines. 
These elements cause likely crossing the stable eutectic line in the solidification process. 
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Fig, 3. Effect of changes in samples thickness on the amount of compacted graphite formation. 

Table If Microstructure survey in different samples steps (Carbide + Perlite + Ferrite(wt. %)). 
Added mish metal 

(wt.%) 

0 
0.17 
0.185 
0.20 
0.22 
0.24 

3 
0+44+56 
33+64+3 
42+58+0 
51+49+0 
53+47+0 
55+45+0 

Thickness of the step (mm) 

6 
0+64+36 
0+35+65 
0+40+60 
0+42+58 
7+50+43 
40+52+8 

12 
0+28+72 
2+25+73 
0+29+71 
5+35+60 
5+45+50 
21+47+32 

25 
0+21+79 
0+22+78 
0+25+75 
0+27+73 
4+33+63 
8+35+57 

37 
0+5+95 
0+15+85 
0+13+87 
0+22+78 
0+25+75 
1+28+71 

50 
0+9+91 
0+11+89 
0+16+84 
0+20+80 
1+23+76 
3+31+66 

70 

65 

60 

^ 55 
&*■ w 5 0 
•I 45 
P 4 0 

U 3S 

30 

25 

20 0.17 0.19 0.21 0.23 

Added mischmetal (wt.%) 

0.25 

Fig. 4. ucmentite tonnation trenü une in me matrix structure of 3 mm step, as a result of 
variation in rare-earth elements amount. 

6 



Lack of access to a structure without any cementite in the sections less than 4 mm which have 
compacted by rare-earth elements can be justified by simultaneous effect of rare-earth elements 
presence and high cooling rate, which prevent the graphitization and persuade the formation of 
cementite. In the sections less than 4 mm, provision of essential supercooling for graphite growth 
is not possible without crossing the metastable eutectic line. While Stefanescu et al. [5] with 
simultaneous use of 0.024% Mg and 0.13% Ti in the compaction process achieved a structure 
without any cementite in sections with 4 mm thickness. An increase in the cementite formation 
in the samples has associated with a decrease in the pearlite presence in the microstructure. 
Another point in the samples with 3 mm thickness is that ferrite phase was formed only in very 
narrow margin adjacent to the graphites. In fact, formation of 3% ferrite was possible only in the 
step with 0.17% added mischmetal. However, with an increase in the rare-earth elements amount 
in the other samples with 3 mm thickness, the amount of ferrite phase dropped to 1%. 
An increase in the amount of rare-earth elements in the thicker samples also leads in persuading 
the formation of cementite in the structure. Nevertheless, due to a decrease in the cooling rate, a 
tremendous drop in the tendency to the formation of cementite can be observed as compared 
with the samples with 3 mm thickness. As an example, in the step with 6 mm thickness the 
formation of cementite only is limited to the samples with the maximum amount of rare-earth 
elements. Reducing from the formation of ferrite phase in the structure is the main influence of 
increasing the amount of rare-earth elements in the thicker samples. 26% average reduction of 
ferrite formation in the structure of the sample steps with 0.17% added mischmetal as compared 
with the same steps in the sample with 0.24% mischmetal approves this theory. 
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Fig. 5. Ferrite presence trend line in the matrix structure of different steps, as a result of the 
variation of the rare-earth elements amount. 

The Effect of Cooling Rate on the Microstructure 
Function of the cooling rate in changing the microstructure of CGI is due to different nature of 
interfaces in austenite, cementite and graphite phases. The cooling rate associated with sufficient 
driving force plays an important role in the growth of graphite, austenite and cementite phases. 
The formation of ferrite phase in the microstructure increases as the cooling rate decreases. Fig. 
7 shows similar trend line of ferrite formation which can be justified by: (a) available extensive 
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surface of the compacted graphites, and (b) partly absence of obstacles to the difíüsion of carbon 
atoms toward the formed compacted graphites in the structure. 
Í ' "'"" ! '""' T " ' I ' \ 1 i 

30 

20 

10 

o 

■A-

"1 'Χ'" 
— ♦ - » 0.22% _ 

—BB- 0.24% 

3L4p~ap^*&>dL 
20 40 

Thickness of the step (mm) 
60 

Fig. 6. Cementite formation in the samples with 0.22% and 0.24% added mischmetal. 
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Fig. 7. Ferrite presence, as a result of thickness variation of the steps. 

Dendrite Arm Spacing (PAS) 
According to Table III, it can be concluded that DAS increases as the cooling rate decreases. 
Also by increasing the mischmetal amount, DAS decreases and it can be anticipated that the 
mechanical strength would increase. 

In alloys with low melting point such as aluminum, predicting the mechanical properties of parts 
is possible easily with assistance of non-destructive testing such as measuring the DAS by 
revealing the dendrites. But it has not been possible for cast irons and has not been done so far, 
and just destructive methods have been applied for measuring the mechanical properties of cast 
irons, In this study, using color metallography by the special etchant, the dendrites were revealed 
in CGI for the first time, and thus a method for predicting the mechanical properties of CGI was 
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provided. Consequently, no more destruction of CGI parts is needed in order to measure the 
mechanical properties, and thus a new economical method can be introduced to the industry. 

Table III. The comparison of calculated DAS between the sampl 
Thickness of sample 

3 

3 

50 

50 

Added mischmetal (wt.%) 

185.0 

24.0 

185.0 

24.0 

DAS (μπι) 

67.166 

82.58 

62.384 

49.169 

Results of Hardness Test 
In CGI series, the hardness is mainly affected by the matrix structure. An increase in the 
presence of nodular graphites also leads in increasing the hardness. Fig. 28 shows an increase in 
the hardness of steps with same thickness as a result of increase in the rare-earth elements 
amount. Increase in the rare-earth elements amount in the graphite compaction process leads in 
formation of cementite. Also in low cooling rates, despite the cementite absence, increase in the 
amount of rare-earth elements leads in formation of pearlite. Extensive formation of cementite 
also causes a major difference between hardness test results in the steps with 3 mm thickness. 
Nevertheless, hardness decreasing trend varies similar to changes in the matrix microstructure 
and amount of compacted graphite formation in the steps with 37 mm and 50 mm thickness. 

Table V. Vickers hardness test results in different steps 
Add 
meta 

ed mish Thickness of the step (mm 
i (wt.%) 3 6 12 25 37 
0 - 136 131 118 103 

0.17 534 219 193 175 169 
0.185 590 240 197 181 166 
0.20 675 243 223 187 180 
0.22 687 334 275 205 192 
0.24 690 564 351 242 195 
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Fig. 8. Hardness variation in the steps, as a result of variation in the rare-earth elements amount 
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8 0 0 

Fig. 9. Hardness variation, as a result of thickness variation of different steps of the samples. 

These results approve the theory of predicting the mechanical properties by measuring DAS. It 
can be seen from Fig. 8 that the hardness of the samples increases as the amount of added 
mischmetal increases, and it was predicted before by section 3.6. Also according to Fig. 9, it can 
be seen that the hardness of the samples decreases as the thickness of them increases, and it was 
predicted before by section 3.6 too. 

Conclusions 

Becoming more rounded is the most important effect of increasing the rare-earth elements 
amount in the graphite compaction process. It can be justified by predominance of spiral growth 
mechanism in the growth process. Furthermore, increase in the amount of rare-earth elements in 
the compaction process leads in persuading formation of spheroidal graphites in the structure. 
Weakness of graphite compaction process using rare-earth elements could result in local 
formation of cementite in the microstructure of CGI. In other words, if complete distribution of 
rare-earth elements is not provided before pouring in the molten metal, cementite will be formed 
in the structure locally. By decreasing the cooling rate or the amount of mischmetal, DAS 
increases and the hardness decreases and also the formation of compacted graphite and ferrite 
phases increases and the formation of cementite and pearlite phases decreases 
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Abstract 

Today there is a growing demand for strip of superior steels with specifically tailored 
technological properties. Especially strips of high-strength, micro-alloyed steel grades applied to 
manufacture longitudinally and spiral-welded pipes are a growth market. Tubes are generally 
required to have high strength and sufficient toughness values and thus favour specific hot strip 
microstructures. The correlation of chemical analysis, process parameters and mechanical 
properties with microstructural features is still a challenging task. During the last decades, 
scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) have become 
useful tools for the characterization of complex microstructures. The EBSD data provides an 
immense variety of post-processing possibilities, e.g. related to grains, grain boundaries, 
misorientations or texture. This paper highlights the results of an advanced analysis of 
microstructures representing industrial produced hot-rolled strips and presents an approach to 
define and quantify some essential microstructural parameters. 

Introduction 

High-strength microalloyed steels have been used for the production of welded pipes for more 
than 30 years. However, the alloy design of pipeline grades is being continuously modified and 
the process technology optimized because of the increasing high strength-toughness combination 
requirement for pipeline steels. Compact strip production (CSP®) technology is an upcoming 
promising route for the production of high-quality pipeline steel grades [1]. 

One of the development projects concentrated on the production of near-net-shape hot strip from 
pipe steel, with strength levels ranging between 500 and 700 MPa and ample toughness even at 
temperatures of down to -60°C. The toughness levels are mainly determined by the 
microstructure existing in the coiled hot strip. Therefore, a significant metallurgical challenge 
was the definition, as a function of the required hot-strip thickness and considering the limited 
overall degree of deformation, of an optimal pass schedule design and cooling strategy to 
achieve sufficiently fine-grained and homogenous microstructures especially for a hot-strip 
thickness of more than 6 mm. 

Generally, resulting microstructures are quite complex and not easily quantifiable by 
conventional methods such as light optical microscopy. Therefore, high-resolution scanning 
electron microscopy (SEM) using the EBSD technique was applied with the aim to correlate 
variations of chemical analysis, process parameters and mechanical properties with 
microstructural features. 
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CSP® Processed Low Carbon Micro-Alloyed Steels 

Steel Composition and Processing Methods 

The chemical composition of the investigated micro-alloyed steels is presented in Table I. As a 
basis, a low carbon content of ~0.06 % was preferred from the viewpoint of segregation and slab 
surface conditions as well as toughness and weldability. The sulfur, phosphorus and nitrogen 
contents were controlled at -0.0015%, 0.012% and values between 0.0050 and 0.0079%, 
respectively, through the selection of feedstock and secondary metallurgical measures. As 
microalloy additives, vanadium, niobium and titanium were used. The alloy CMnMoNi(VNbTi) 
which is additionally alloyed with 0.182% nickel and the alloy CMnMo(VNbTi) contain 0.187% 
and 0.222% molybdenum, respectively. 

Table 1. Chemical composition of micro-alloyed 
Steel 

CMn(VNbTi>l 
CMn(VNbTj)-2 

CMnMoNi(VNbTi) 
CMnMoCVNbTi) 

C 
0.07 
0.05 
0.05 
0.06 

Mn 
1.34 
1.62 
1.30 
1.32 

Mo 

0.187 
0.222 

Ni 

0.182 

V 
0.051 
0.019 
0.051 
0.053 

steels ( 
Nb 

0.051 
0.076 
0.044 
0.042 

weight 
Ti 

0.017 
0.014 
0.013 
0.013 

%)· 
N 

0.0073 
0.0079 
0.0063 
0.0050 

The hot strips were produced with the CSP technology. In the process, both the 52mm and the 
65mm thick thin slabs that were up to 1,900mm wide, were first cast in the CSP® caster, then 
homogenized in the tunnel furnace at temperatures of around 1,130°C and finally rolled to 
12.7mm thick hot strip in the finishing mill, Table II. 

Table 11. Thin slab and strip dimensions 
i ¿*η«ϊ " i oíZü ' I c Steel 

CMn(VNbfi>l 1 
CMn(VNbTi)-2a 
CMn(VNbTi)-2b 

CMnMoNi(VNbTi) 
CMnMo(VNbTi) 

Slab-
thickness 

in mm 
52 
65 
65 
52 
52 

Strip-
thickness 

in mm 
12.7 
12.7 
12.7 
12.7 
12.7 

Ratio 
tsiat/tstrip 

4.1 
5.1 
5.1 
4.1 
4.1 

Yield 
strength 
inMPa 

478 
537 
578 
529 
542 

Tensile 
strength 
inMPa 

580 
640 
655 
626 
654 

Ratio 
YS/TS 

0.82 
0.84 
0.88 
0.85 
0.83 

For the thermomechanieal treatment, pass schedules with different reduction distributions in the 
various millstands and different temperature controls were considered as a function of the slab 
thickness. To avoid rolling in the temperature range of partial static recrystallization, the 
corresponding millstands were opened. 

Hotrsjriapcapiatipg 

On account of the differences in chemical composition and the process parameters selected for 
the mermomechanical treatment, the hot strip produced has different technological properties. 
The yield-point levels established and the tensile strength are shown in Table II. The toughness 
properties were identified in the Charpy impact test with V-notch standard samples. The 
resulting temperature dependencies of the shear area are shown in Figure 1 for the various alloys. 
The transient temperatures established therefrom for a shear fracture component of 50% and the 
relating yield points are shown in Figure 2. It becomes clear that the three variants 
CMn(VNbTi)-l, CMnMoNi(VNbTi) and CMn(VNbTi)-2b, despite their obvious differences in 
strength levels, have similar toughness levels, increasing the starting slab thickness with the 
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option of optimizing the reduction distribution especially in the front and rear millstands will, as 
a function of the relating yield point values, lead to an improvement of the toughness levels. 

CVN Shear area 

S 40 

tslabtstrip*5·1 K 

1 i 

¡ ^ Vvv / & / 

/ -é ki 4 

/ j & ^ \ ζ ^ --^ ̂ W W * 1 

-80 -60 

Temperature in °C 

CMn(VNbT8)-2b 

CMf}(VNbT«)-2a j 

ts,ab/tsWp=4.1 

CMnMo(VNbTi ) 
CMnMoNi(VNbTi ) 

CMn(VNbTi)-1 

-80 -60 

DBTT-50%ShearArea in eC 

Figure 1. Charpy-V notch toughness properties Figure 2. Yield strength vs. toughness 
of 12.7 mm hot-rolled strip. of 12.7 mm hot-rolled strip. 

The lightmicroscopic, HNO3 etched microstructures that pertain to the various hot strips are 
shown in Figure 3. The relating microsections were removed in the immediate vicinity of the 
notched-bar test pieces and thus reflect the microstructures that each pertain to the respective 
technological properties each. The following paragraphs include a more detailed analysis of the 
microstructures. 

CMn(VNbTi)-l CMn(VNbTi)-2a CMn(VNbTi)-2b 
CMnMoNi(VNbTi) CMnMo(VNbTi) 

RD: Reference Direction J 
ND: Normal Direction sheet thickness 
TD: Transverse Direction 

Figure 3. HNCb-etched microstructures of hot-rolled strip at a quarter of sheet thickness (s=0.5). 

13 



Method of Microstructural Analysis: Electron Backscatter Diffraction (EBSD) 

EBSD allows the measurement of local crystallographic orientations. For EBSD, a perfectly 
polished sample surface is necessary, as any deformation due to mechanical grinding or 
polishing has to be avoided since it directly influences the pattern quality. Figure 4 shows the 
EBSD setup in a standard scanning electron microscope (SEM). The sample is tilted to 70° 
toward a phosphorus screen. A CCD camera collects the Kikuchi patterns which are formed 
when a stationary electron beam interacts with a crystalline lattice in a highly tilted sample in the 
SEM. The geometrical relationships of the bands hold information about the crystal lattice in the 
diffracting volume. Sophisticated image analysis routines analyze these relationships to 
automatically determine the crystallographic phase and orientation of the lattice. The EBSD data 
are collected by moving the electron beam to points on a regular grid, i.e. "scanning" the area of 
interest of the sample. 

The EBSD data provides a wide 
variety of post-processing possi-
bilities, e.g. related to grains, grain 
boundaries, and misorientations. The 
EBSD software can also be used to 
visualize the orientation aspects of 
microstructures and gather statistical 
information on preferred orientations 
of the material. Some of the analysis 
techniques used in this investigations 
are explained in more detail in the 
following section. 

For the current investigation, the EBSD maps were acquired with a step size of 400 nm. For each 
map, an area of 400 x 400 μηι2 was analyzed. The measurement areas were selected at a quarter 
of the sheet thickness (s - 0.5, see Figure 3). In some cases, a supplementary measurement was 
performed at s * 0. 

Analysis of hot-strip microstructures 

The inverse pole figure (IPF) describes the position of the sample coordinate system with 
reference to the crystal coordinate system. The IPF map is a reconstruction of the grain structure 
achieved by colouring the crystallographic orientations with regard to a certain colour code 
based on the inverse pole figure. By definition, it shows the arrangement of grains as well as 
orientation changes within grains. It is possible to superimpose different types of grain 
boundaries defined, for example, by their misorientation angles as lines (grain boundary 
misorientation (GBM) maps). 

Figure 5a shows the resulting IPF maps for the hot strips made of CMn(VNbTi)-l, 
CMnMoNi(VNbTi) and CMn(VNbTi)-2a. Moreover, Figure 5b shows the grain boundaries for 
different misorientation angle intervals. For the Mo-alloyed variant and the variant with a higher 
Nb alloy, a clear increase in the amount of grain boundaries with misorientations of less than 15° 
has been found. These small-angle grain boundaries are assigned to substructures, of which some 
can be seen in Figures 3 and 5a. CMn(VNbTi)-l, in contrast, reveals large areas of grain 
boundaries with misorientations between 15° and 45° (see also Figure 5c), in which the micro-

EBSD Setup Kikuchi pattern 

Figure 4. Schematic SEM set up for EBSD measurement 
and example of a Kikuchi pattern. 
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Figure 5. Microstructural details of hot-rolled strips (s=0.5): a) Inverse pole figure maps; 
b) Grain boundary misorientation maps; c) Misorientation angle distribution. 

structure constituents dominated by small-angle grain boundaries are embedded. The resulting 
grain boundary fractions for the five alloys considered and for different areas of misorientations 
are compiled in Table III. As shown by the example of alloy CMn(VNbTi)-2a, the differences 
between the quarter position and strip center are small. 

Table III. Fraction of grain boundaries (in %) with a certain misorientation. 

Steel 

CMn(VNbTi)-l 
CMn(VNbTi)-2a 
CMn(VNbTi)-2a 
CMn(VNbTi)-2b 

CMnMoNi(VNbTi) 
CMnMo(VNbTi) 

s 

0.5 
0.5 
0 

0.5 
0.5 
0.5 

<5° 

7 
10 
11 
8 
14 
14 

5°-10° 

13 
18 
19 
11 
19 
19 

10°-15° 

7 
10 
10 
7 
9 
9 

15°-45° 

34 
20 
19 
34 
18 
19 

>45° 

39 
42 
41 
41 
40 
39 
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Certain microstructural components like martensite, upper bainite, lower bainite, and granular 
bainite show characteristic misorientation distributions due to their displacive formation 
mechanism. The transformed variants of bainite roughly follow the crystallographic relationsship 
postulated by Kurdjumow and Sachs. In contrast, a diffusion controlled ferritic transformation 
reveals a more random distribution with a maximum at 45° misorientation. Therefore, the shape 
of the histogram theoretically should be an indicator for the type of microstructure [2]. However, 
a quantification of phase fractions on the basis of the misorientation is of high uncertainty [3]. 

The kernel average misorientation (KAM) indicates the local misorientation of a single point 
with regard to its neighbors. Based on the assumption that local misorientation gradients are 
generated by dislocations, the KAM is, therefore, a measure of the stored energy in terms of 
dislocation density in the microstructure; This allows us to use the measure of kernel average 
misorientation as a quantitative value to characterize the distribution of the dislocation density. It 
has been shown that the different types of ferrite e.g. polygonal ferrite, non-polygonal ferrite or 
bainitic ferrite differ in their own particular dislocation density, which increases with falling 
transformation temperature [4]. Thus, kernel average misorientation maps should also indicate 
the distribution of the various types of ferrite. For calculation it is necessary to define a threshold 
value above which neighboring points are considered to belong to neighboring grains and are 
thus not considered in the calculation. 

Kernel average misorientation maps are shown Figure 6. Blue areas correspond to regions 
showing a lower KAM misorientation and are assumed to correlate with polygonal ferrite. Green 
and yellow regions represent components with higher misorientation thus reflecting non-polygo-

CMn(VNbTi>l CMn(VNbTi)-2a (s=0.5) CMn(VNbTi)-2a (s=0) 

Figure 6. Kernel average misorientation (KAM) maps; threshold misorientation 3°, 3rd neighbor. 
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Table IV. Kernal average misorientation: Number fraction with a certain local 
misorientation (in %) and Kernal average misorientation value (in degrees). 

Steel 

CMn(VNbTi)-l 
CMn(VNbTi)-2a 
CMn(VNbTi)-2a 
CMn(VNbTi)-2b 

CMnMoNi(VNbTi) 
CMnMo(VNbTi) 

s 

0.5 
0.5 
0 

0.5 
0.5 
0.5 

< 1° 

68 
39 
35 
62 
12 
10 

I o - 2° 

30 
53 
57 
32 
71 
73 

2°-3° 

2 
8 
8 
5 
17 
17 

Average 
KAM 

0.8 
1.2 
1.3 
0.9 
1.6 
1.6 

nal and bainitic ferrite portions. KAM maps of CMn(VNbTi)-l and -2 reveal a mixture of 
polygonal ferrite and in dependence of niobium content and chosen thermomechanical 
processing higher portions of non-polygonal and bainitic ferrite components. Mo-alloyed strips 
display highest number fractions of local misorientation in the range of 2° to 3° and consequently 
increased average KAM values (Table IV). Thus, high portions of bainitic ferrite are assumed. 

For the determination of the grain size, two methods were applied. Firstly, the average grain size 
dav was calculated directly from the EBSD maps with a variation of both the threshold value of 
misorientation (grain tolerance angle GTA) and the minimum number of measurement points 
(NP) considered. Two combinations were tested: GTA 5° / NP2 and GTA 15° / NP20. A careful 
data post-processing was performed to reveal misindexed data points which may influence data 
analysis [5]. Secondly, a procedure following previously published studies was applied which 
focuses on microstructural heterogeneities, i.e. the presence of coarse grain fraction. A parameter 
denoted as d2o was suggested which describes the grain size, for which 20% of the area fraction 
of grains have a size larger than this value [6]. 

The corresponding data are collected in Table V. While the average grain sizes based on high-
angle boundaries with a misorientation of 15° are similar, the d2o-values differ considerably. 
However, neither average grain size nor d2o-value could be clearly correlated with the 
corresponding toughness here expressed by the Charpy impact transition temperature. Other 
factors like distribution of dislocations as well as precipitates and homogeneity of micro-
structural components may also affect ductile-brittle behavior. A qualitative method to describe 
grain size heterogeneities is presented in Figure 7. Large grains with grain size d > d2o are 
highlighted in the image quality (IQ) map and grain size distribution. However, a part of the 
grains contains a higher fraction of small angle grain boundaries. Reduced threshold values of 
misorientation i.e. GTA 5° in combination with adapted values of considered measuring points 
i.e. NP 2 lead, as expected, to lower grain sizes. For hot strips with similar yield strength and 

Table V. Comparison of grain size d2o and average grain size (in μηι) 
determined from EBSD maps for different GTA and NP values. 

Steel 

CMn(VNbTi)-l 
CMn(VNbTi)-2a 
CMn(VNbTi)-2b 

CMnMoNi(VNbTi) 
CMnMo(VNbTi) 

GTA 5° 

d20 

15.7 
15.2 
12.4 
14.1 
16.9 

/NP2 

dav 

5.6 
3.3 
3.4 
4.5 
4.8 

GTA 15 

¿20 

24.8 
30.5 
21.5 
28.5 
30.5 

V NP 20 

dav 

6.5 
6.0 
5.8 
5.7 
5.8 
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Figure 7. CMnMo(VNbTi) grain size 
distribution and IQ map with highlighted 
grains with d > d2o (GTA 15° / NP 20). 

Figure 8. Charpy impact transition temperature 
as a function of the inverse average grain size 
estimated for a tolerance angle of 5°. 

higher fraction of small-angle grain boundaries, Charpy impact transition temperature is shifted 
to lower values with decreasing average grain size based on 5° misorientation, Figure 8. 

Summary 

Five samples of CSP® processed hot-strip material with variations in chemistry and mechanical 
properties were characterized using EBSD. The task of this study was to advance the methods of 
EBSD data analysis for this type of complex microstructures and to explore the potential and 
constraints of EBSD. Systematic variations of grain definition parameters, misorientation 
relationships and grain boundary settings were performed to understand their influence on the 
microstructural features like grain size, grain boundary fractions and local misorientations and to 
define relevant microstructural parameters. Future work will be addressed to the identification of 
damaging features. 
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Abstract 

Carbon steel is purchased in coils, slit to width, and fed into electrical resistance welding mills 
that convert it into round, square, or rectangular structural tubing. The objective of this project 
was to establish relationships between certain properties (yield, tensile, elongation) of the tube 
after cold working and those of the flat coil before cold working, and build empirical predictive 
models from a data base of before-and-after properties provided to us by a tube manufacturer. 
Using multiple regression analysis, a set of three regression models was built with tube geometry 
and flat steel properties as the independent variables, and tube physical properties as the 
dependent variables. These regression models can be used by the manufacturer for both 
prediction of results when coil properties are known, and the computation of ideal coil steel 
specifications. We provide a sample solution of the latter "inverse problem" using the three 
equations and Excel Solver. 

Introduction 

The authors cooperated with a tube manufacturer which produces square, rectangular, and round 
tubing in a wide range of sizes and gages. Their tubing capabilities range from V2" square x 
1/16" gage through 10" square x 1/2" gage with comparable rectangular sizes, and from 3/4" 
through 7"diameter round tubes, primarily ASTM-A500 Carbon Steel Grade B and C Structural 
Tubing. The manufacturer's Quality Assurance (QA) Department handles all raw material and 
product quality specifications and parameters. The QA laboratory testing includes 
microhardness, Rockwell hardness, tensile, flare, compression, charpy impact, and 
metallographic tests. Dimensional measurements are made during production operations — at 
the slitter, during the tubing mill runs, and on samples of finished product. Assuring their 
customers that their purchased tubing meets all dimensional and physical properties 
specifications is a key service of the QA Department. Another (internal) service is directing 
purchasing as to what quality steel coils to buy, for a given application. 

Background of Steel Tube Manufacturing 

Steel tubular products refer to all hollow steel products in round, square, rectangular, oval, or 
other symmetrical shapes. The most common applications of such products are as conveyors of 
fluids and as structural members. Steel tubing can be divided into three named use groups: 
pressure tubes, structural tubing, and mechanical tubing [1]. The tube mills at the manufacturer 
are examples of Electric Resistance Welding (ERW) tube mills. ERW utilizes a series of 
operations, in which the flat-rolled steel is cold shaped into tubular form, and the tube is then 
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joined at the longitudinal seam by welding [1]. The welding method is a special type of ERW 
known by the trade name uThermatoot\ described in Liu and Batson [2]. 

As mentioned above, steel tubes are made from flat coil by processes that include cold working 
[3] which deforms a metal at temperatures below the annealing temperature, usually at ambient 
temperature. Changes in both dimensional and physical properties take place due to cold 
working, Thus, it is important for a manufacturer to have a better understanding of cold working 
effects of its various mills on the physical properties in steel tube making, that is, quantitative 
relationships between the properties of the tubes after cold working and those of flat coil before 
cold working. Furthermore, QA wants to know how to specify flat coil physical properties from 
suppliers, in order to ensure their customer's specified tube dimensions and physical properties. 

ftfrto^ Approach 

The objective of this project is to investigate relationships between the properties of the tube 
after cold working and those of the flat coil before cold working. The objective is achieved by 
developing a series of multiple regression models which predict the physical properties of steel 
tubing based on the tube dimensional characteristics and the flat steel physical properties. Some 
properties of steel tubes and coils, with their corresponding notation, are listed in Table I. 

Table I. Some Properties of Steel Tube and Input Flat Coil 

Dimensional 

Properties 

Physical 

Properties 

Steel Tube 

Size 

Shape (square, rectangular, round) 

Gage 

Yield — YT 

Tensile — 7> 

Elongation — ET 

Flat Coil 

Slit Width 

Gage 

Yield — YF 

Tensile — 7> 

Elongation — £> 

To achieve the objectives of this project, the following research approach was followed: 
i. Understand the tube manufacturing processes at the manufacturer. 
2. Collect data. 
3. Construct various scatter diagrams from historical data, and interpret these graphs in order to 

discern qualitative patterns. 
4. Build regression models. 
5. Validate regression models. 
6. Provide report to the manufacturer. 
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Literature Review 

This research focuses on prediction of the physical properties of ERW steel tubing based on the 
tube dimensional characteristics and the flat steel physical properties. Rather than theoretical 
models of the phenomenon under study, the primary objective is to build empirical models from 
actual production data supplied by a steel tube manufacturer. Though not a primary objective, 
optimization of steel coil purchasing decisions proved feasible by applying the fitted equations in 
an "inverse problem" optimization routine. As explained in Hunter [4], the inverse problem "has 
the desired output known, while it is the system input that is to be determined." In order to 
support these objectives and to gain a suitable understanding of the ERW production process and 
previous related work, a thorough literature search has been conducted mainly in four subjects: 
electrical resistance welding to produce steel tubing; physical properties of steel; changes in 
physical and dimensional properties of metals under cold working; and previous application of 
regression to model cold working effect. 

Changes in Physical and Dimensional Properties of Metals under Cold Working 

Cold working indicates the application of plastic deformation to a material at relatively low 
temperatures (compared with the melting point of the material), when the effect of strain 
hardening is not relieved. It has long been utilized as an important industrial process to harden 
metals or alloys in the absence of heat treatment [5]. Changes in dimension can be achieved via 
various cold working processes. One or two dimensions of metal are reduced at the expense of 
an increase in the other dimension(s). In addition, cold working leads to changes in the physical 
properties of a metal. Yield strength, tensile strength and hardness increase, whereas elongation 
(or ductility) decreases, with increasing amount of cold working [5], [6]. Figure 1 is the 
variation of tensile properties with amount of cold work. 

I 1 1 1 1 I J L_ 
O 10 20 30 40 50 60 70 

Reduction by cold work, */· 

Figure 1. Variation of Tensile Properties with Amount of Cold Work [5] 

Previous Application of Regression to Model Cold Working Effect 

No books and papers on applications of regression modeling in the cold working have been 
found in our literature research. A project completed by a former University of Alabama MSIE 
graduate student, Song Liu, and the first authour has related research. In that project, a 
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regression model was developed to estimate the gage growth after cold working of flat steel of 
known gage into a tube of specified size and shape [2]. They found that gage growth was a 
function of shape and gage, but did not depend on physical properties of the flat coil. Our 
research will show that physical properties of tubing depend on both dimensional specification of 
the tubing and physical properties of the flat steel. 

Regression Model Building 

The process of building a regression model involves four phases: data collection and preparation; 
reduction of prcdicator variables; model refinement and selection; and model validation [7]. 

Data Collection and Preparation 

Collected information on dimensional and physical properties of tube and flat coil include Tube 
Gage, Tube Size, Yield in Tube, Tensile in Tube, Elongation in Tube, Yield in Flat Coil, Tensile 
in Plat Coil, and Elongation in Flat Coil Tube Gage is measured by nominal thickness of a tube 
in inches. Tube Size is coded as specific item code by the manufacturer according to tube shape, 
i.e., round, square and rectangle, as well as the tube length, tube width or tube diameter. Since 
information on Tube Size cannot be used in regression models, two new variables are introduced 
to substitute for it and defined as follows: 

0 if tube shape is round 

ShapeRatio ~ 1 if tube shape is square 

Tube Width / Tube Length if tube shape is rectangular 

SlitWidth * Tube perimeter. 

Variables Yield in Tube, Tensile in Tube and Elongation in Tube represent the physical properties 
of tube, whereas Yield in Flat Coil, Tensile in Flat Coil and Elongation in Flat Coil represent 
that of raw material flat coil. Because in tube manufacturing, the process converts flat coil into 
tube, variable Yield in Tube, Tensile in Tube and Elongation in Tube are chosen to be response 
variables. Table II summarizes the three response variables and six predictor variables that will 
be used in our regression analysis. 

Table 11. Response Variables and Potential Predictor Variables 

Response Variables 

Potential Predictor 
Variables 

Yield in Tube ( lO'ps i ) 
Tensile in Tube ( 10jpsi) 
Elongation in Tube (% ) 
Gage (inches) 
Shape Ratio 
Slit Width (inches) 
Yield in Flat Coil (103psi) 
Tensile in Flat Coil ( 103 psi) 
Elongation in Flat Coil (%) 
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The data set is then checked for error. Box plots for each variable are prepared (not shown) to 
detect extreme outliers. After deleting those extreme outliers, 1748 observations of the original 
data are used in our Minitab regression model study. A general rule of thumb to decide whether 
the number of cases is large enough states that there should be at least 6 to 10 cases for every 
variable in the pool of potentially useful explanatory variables [7]. According to this rule, the 
data set provided has sufficient observations for regression study. Our strategy is to divide the 
data into two subsets with half of the cases picked up randomly to build regression models, 
whereas the other half is used for model validation. The first and the second data set are also 
referred to as model building data set and validation data set, respectively. 

Reduction of Predictor Variables 

Traditional methods of scatter plots, correlation matrices, and best subsets regression were used 
to narrow the search for predicator variables, for each of the three steel tube properties to be 
modeled. The Minitab best subsets algorithm identifies a group of "best subsets" according to 
specified criteria without requiring the fitting of all of the possible subset regression models. The 
output of best subsets regression for response YieldT showed that for response YieldT, the four 
variable subset {Gage, ShapeRatio, SlitWidth, TensileF) and the five variable subset {Gage, 
ShapeRatio, SlitWidth, YieldF, TensileF) are "good" since their F? and Ra

2 is maximum, and their 
Cp are small and close to p. Because variable YieldF should in theory be important to YieldT, the 
five-variable subset, in which YieldF is included, is chosen. The fitted model is obtained and the 
output of regression analysis is: 
YieldT = 35.9 + 8.18 Gage +2.44 ShapeRatio - 0.203 SlitWidth + 0.0353 YieldF (2) 

+ 0.398 TensileF 

Model Refinement and Selection of YieldT Model 

At the model refinement stage, further studies of curvature and interaction effects, influential 
observations, and collinearity for current "good" regression models are performed by using 
residual analysis and other diagnostic tools. Necessary remedial measures are then taken to 
improve present models. 

It was seen from analysis of the regression output for the above model that the coefficient of 
YieldF is not significant. Because YieldF and TensileF are correlated, we could delete either of 
them. After deleting TensileF, the coefficient of YieldF became significant in the refitted model. 
Next we focus on examining the adequacy of function form, i.e., whether the high order and 
interaction terms need to be included in the model. Plots of residuals against each of the two-
variable interaction terms not included in the model (not shown here) do not exhibit any pattern, 
thus there are no interaction terms required in the model. Residuals against all the predictor 
variables are also plotted to examine whether a pattern exists. It was found that the residual plots 
against ShapeRatio and SlitWidth suggest possible curvature effect. A remedy is to add the 
square term of ShapeRatio and SlitWidth to the model. In order to reduce collinearity between 
the first-order term and the second-order term, variable ShapeRatio and SlitWidth need to be 
centered. The centered variable can be expressed as: xi= X - X. After the two square terms 
{ShapeRatio - 0.82)2 and {SlitWidth - 17.96)2 are added in the model, the following revised 
regression model {R2 = 28.4%) is obtained: 
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YieldT = 53.8 + 12.7 Gage - 0.645 ShapeRatio - 0.322 SlitWidth + 0.222 YieldF (1) 
7,64 (SR-0.82)*2 + 0.0132 (SW-17.96)~2 

VMidito,ofYiel4T>lpdel 

The final step of model building process is the validation of the selected model, involving 
appropriateness of the variables selected, the magnitude of regression coefficient, as well as the 
predictive of the model. The second half of the data set, obtained by data splitting, is used for 
validation. One validation method is to fit the selected model to the validation data. The re-
estimated coefficients and various characteristics are then compared for consistency to those 
obtained from model building data set [7], In addition, residuals analysis of the fitted model is 
performed to check the model adequacy for the validation data set. 

Table HI. Regression Results of Model YieldT Based on 
Model Building and Validation Data Set 

Statistic 

Constant 
Gage 
ShapeRatio 
SlitWidth 
YieldF 
(SR-mcan? 

! (SW-mean? 
MSE 
R-Sq 

Model Building Data Set 
Coef SE Coef 
53.772 2.089 
12,711 2.529 
-0.6447 0.7716 
-0,32200 0.02048 
0.22205 0.03742 
-7.640 2.174 
0.013166 0.001512 
14.33 
28.4% 

Validation Data Set 
Coef SE Coef 
54.719 2.082 
14.708 2.633 
-0.188 0.8038 
-0.37285 0.02165 
0.19681 0.03841 
-5.413 2.422 
0.016401 0.001540 
14.93 
30.4% 

The estimated regression coefficient, the estimated standard deviation, and R-square based on the 
model building and validation data set are compared in Table III. Note that the magnitude and 
sign of each regression statistic is consistent, across the two modeling efforts. 

Isa§ik,an4.H9ngation Models 
Similar detailed regression studies resulted in the following regression models for tensile 
strength {R3 * 30.4%) and elongation (F?=12.8%): 
TenaileT - 35.5 + 16.8 Gage - 0.169 ShapeRatio + 35.5 (1/SW) + 0.423 TensileF (3) 
5.07 (SR-0.62)~2 + 723 (1/SW-O.070)Λ2 + 0.0525 (TensileF-59.74)Λ2 

KlongT - 23.8 - 4.33 Gage - 1.97 ShapeRatio + 0.126 SlitWidth + 0.138 ElongF (4) 
- 0.00651 (SW-17.96)A2 

Optimization 

In previous sections, we have built three regression models, i.e. three properties prediction 
models for a given steel coil supplier. At this point, relationships between the properties of tube 
and those of flat coil have been established. In practice, these equations can be used on coil steel 
already in stock or offered to the manufacturer by this supplier. QA can quickly assess whether 
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the product they have to produce will have acceptable tube physical properties if made from the 
proposed coil(s). More generally, these regression models can help QA to specify the properties 
of flat coil according to customer's requirements of tubes, as explained below. 

Given tube information: Gage, ShapeRatio, SlitWidth and specified properties (Yields, TensileS, 
ElongS), we need to find the optimal value {YieldF, TensileF, ElongF ) to minimize the 
deviation from tube properties specifications. The objective function and constraints are: 

Min d = (Yt- Ys)
2+ (Tt - Γ / + (Et - Esf 

S.T. Yt =f(Gage, ShapeRatio, SlitWidth, YF, TF, EF) 
Tt = g(Gage, ShapeRatio, SlitWidth, YF, 7>, EF) 
Et = h(Gage, ShapeRatio, SlitWidth, YF, TF, EF) 
YieldF > 40 
TensileF > 54 
ElongF > 27 

Where function/ g, h are models derived from the data as described above, and the lower limits 
of variable YieldF, TensileF, ElongF are set according to the minimum value of the range of the 
data on which our regression models are built. 

Excel solver can be used to solve for the optimal solution of this problem, a type of "inverse 
problem" often encountered in engineering. Figures 2 shows how to use Excel solver to get 
optimal value of YF, TF and EF , following the below steps: 

Stepl: Input the known conditions: Gage, ShapeRatio, SlitWidth , Yields, TensileS and 
ElongS in the Shaded areas. 

Step 2: Click value of d (Cell Al l ) . On the Tool menu, click Solver. In the Solver 
Parameters dialog box, Set Target Cell A l l equal to Min. Set value of YieldF, TensileF, 
ElongF (Cell D4, E4, F4) as By Changing Cell. Then click Solve. 

Step 3: In the Solver Result dialog box, click Keep Solver Solution, then click OK. 

The particular example shown used input of: 
Gage: 0.25 SlitWidth: 16 TensileS: 65 
ShapeRatio: 1 YieldS: 60 ElongS: 30. 

The Excel Solver solution tells the manufacturer to order coils with properties: 
YieldF: 40.63 
TensileF: 55.71 
ElongF: 52.6, 

with the resulting tube having expected value (average) of YieldT and ElongT exactly on 
specification and TensileT = 66.04 kpsi, whereas TensileT was specified to be 65 kpsi. 

Conclusions 

Relationships between the properties of a welded steel tube after cold working and those of the 
input flat coil were established. The results only apply within the range of the observations used 
for model building. For another supplier with a different steel-making and rolling process, we 
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confirmed in related work that new models would have to be fit. That is, the empirical models 
constructed as described in this paper are supplier-specific. 
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Abstract 

In this study, an investigation on the microstructure of hot rolled steel S355J2+N was conducted 
to optimize process parameters of complex forming, which combines rolling and bending. The 
best sets of parameters are worked out based on homogeneous mechanical properties and 
microstructure within the varied deformation degree with maximum at φ = 1.14 on a 25 mm 
thick plates. Mechanical properties, especially of heavy plates, are strongly influenced by the 
local deformation degree, strain rate and temperature. Detailed microstructural analyses showed 
that the ferrite-pearlite band structure changes near the surface, while maintaining homogeneous 
microstructure within the deformed work piece. Surface decarburization was also observed and 
this leads to decrease in hardness. To minimize iron oxide formation which could lead to side 
cracking, reduction in exposure time to temperature was suggested. On the other hand, 
temperature reduction below a critical value would risk the accurate forming process. 

Introduction 

This work presents the preliminary results of research to develop a new complex deformation 
process of thick steel plates. Complexity is given because the forming process combines rolling 
to reduce thickness and profiling by bending. The work piece will experience a thickness 
reduction from 25mm to 8 mm and is double curved. To explain and understand forming of thick 
plates basics of sheet forming as well as massive forming need to be used. At the moment there 
is no forming process established to produce double curved plates including reducing thickness 
in one process step. Technologies nowadays consist of two process steps: flat rolling and 
pressing in shape. Due to good weldability and formability the final product will be made of steel 
S355J2+N. This low-carbon steel is well understood and has a low strengthening exponent, 
which is expected to keep the forming forces down. Reduction of thickness from 25 mm to 8 mm 
gives furthermore a high deformation degree. Thus, hot forming has to be applied. The 
determination of process parameters is the main aim of overall research project; temperatures 
above 1000°C are expected. Flow curves in literature are given at various temperatures and strain 
rates [1]. However, experiments with data close to the industrial application are rarely found, 
especially at low strain rates and high deformation degrees. Pre-test were done by flat rolling, 
being aware that the influence of bending is eliminated. The microstructure evolution were 
characterised in relationship to material formability with special attention to grain size change 
and recrystallization. Representative samples should be selected from specific locations in the 
deformation zone according to the knowledge about the metal forming process [2]. Due to no 
further alloying elements in S355, no precipitation hardening is expected to take place during hot 
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forming» which keeps the mechanisms simple and the concentration on the feasibility of the 
complex forming process is given. 

Experimental 

In this study, various experiments were carried out to determine the forming-relevant properties 
of S355J2+N. These include tension, compression and flat rolling tests and their respective 
structural examinations. The strength parameters were determined for tension and compression 
load, From the data of the compression tests flow curves were determined. They are the basis for 
the ascertainment of the needed deformation force and therefore deformation energy. Material 
tests have been carried out with two test machines, MTS 813.2 (250 kN) for tests at room 
temperature and TIRAtest 28100 (100 kN) for tests at elevated temperatures. Tensile tests were 
carried out according to DIN EN 10002-1:2001. The experiments were performed at testing 
speed of 0.04 mm /s. For the compression test, flow curves were determined for true strain rates 
φ' of-Ö.Ö1 §>!

f -0,1 s*1 and -0.5 s"1. The diameter/height ratio was 1.5 with a diameter of 10 mm. 
For the strain rate of-0.1 s"1 the diameter was 8 mm and the final true strain was set to 1. 
However, due to limitations of the testing machine the test stopped when the load limit of 10 kN 
was reached« 

A rolling machine from Binder and Weichcrt with maximal compressive force of 500 kN was 
used for the flat rolling tests. The radius of the plain rolls is 100 mm and rollings were carried 
out using 2 and 6 revolutions per minute (rpm). The geometry of the samples for the rolling tests 
is as follows; length of 150 mm, width of 30 mm and thickness of 25 mm, according to the 
industrial application. Specimens were rolled to 15 mm and 8 mm thickness at 650°C which 
translates to total true strain of φ β -0.51 and φ - -1.14, respectively. In a second rolling test the 
sample geometry was 1 = 150 mm, w - 30 mm and t - 12 mm. They were rolled to 8 mm (φ = -
0.405) at 400°C and 650°C. On one hand the rolling temperature is limited by the rolling 
machine used, and therefore strain hardening will occur. On the other hand, low forming 
temperatures allow a better handling of the work pieces. Hot corrosion was not observed (steel 
plates have a primer coating) and the forming process is expected to be less energy consuming. 
Due to strain hardening during forming at 600°C and below, heat treatment was applied to 
relieve stresses in the work piece or even initiate a recrystallization process, all under supervision 
of surface decarburization leading in hardness loss. 

Optical micrographs and the micro-hardness were done using Neophot 2 from the company Carl 
Zeiss Jena. Preparation process for structural examination was according to reference [3]. A line 
intercept method was used to measure the grain size of the steel samples according to EN ISO 
643. For the determination of the grain sizes, a total of three different measurements were taken 
for one grain size and the mean and standard deviation were calculated. 

Result and Discussion 

Starting with the flow curves at elevated temperatures, they have been determined from 
compression tests. Figure 1 shows flow curves for S355J2+N at 1000°C at three different strain 
rates. The maximum flow stress kf max for a deformation rate of φ' = -0.01 s"1 is approximately 
62 MPa, for φ* - -0.1 s'1 kf max = 85 MPa and for φ' = -0.5 s"1 the maximum could not be 
determined because of the foad limit of the testing machine. The flow curves show that 
increasing deformation speed increases the flow stresses and thus the maximum stress kf max as 
well as the true strain at the maximum stress. For φ' = -0.01 s"' it is obvious that recrystallization 
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occurs in an oscillating way, which has also been found in literature for other deformation 
parameters [3].The material recrystallizes dynamically faster than the increasing of dislocation 
density by increasing forming strain. That behaviour becomes weaker with increasing true strain. 
For forming higher strain rates (here φ' = -0.1 s"1) dynamic recrystallization has also been 
observed. However, overlapping hardening and softening mechanisms keep the flow stress kf 
(76 MPa) at a constant value for strains, where steady-state stress takes place. Determined data 
are furthermore the basics for numerical simulation of the complex forming process, which will 
not be presented in this paper. These numerical simulations will provide deformation forces for 
the real forming process taking various work piece geometries into account. 

Figure 1: Flow curves for S355J2+N at 1000°C, for deformation rates -0.01 s"1, -0.1 s"1 and 
-0.5 s"1 (absolute values) 

Flow curves for S355 at 600°C, see also in literature [1], do not show any dynamic 
recrystallization. At this temperature, the hardening effects act very strongly, leading to an 
increase in flow stress with reduced elongation to fracture. Due to the flow stress increase, 
annealing needs to be applied after the rolling tests, to guaranty a work piece with sufficient 
ductility. Here the time and temperature of the heat treatment has to be determined. 

The rolling parameters deformation degree (φε) and mean compressive force (Fm) with their 
standard deviation of sample ST3 are illustrated in table 1 as a representative example for rolling 
at 600 °C. The original sample thickness was 25.26 mm. Due to the limit of compressive force of 
the rolling machine (500 kN) the rolling process has been done in 5 steps to reach the final 
deformation degree of φ=-1.06. However, by applying 5 passes work hardening can be seen 
looking at the mean compressive force values, which increases with increasing deformation 
degree. 

Table 1: Rolling parameters of sample ST3 for rolling in 5 passes at 600°C 
rolling 

pass 1 
pass 2 
pass 3 
pass 4 
pass 5 

<PE 
Π 

-0.14 
-0.34 
-0.49 
-0.83 
-1.06 

Fm 
rkNi 
230 
281 
290 
407 
417 

standard deviation 
ikNl 

18.285 
19.609 
21.354 
6.473 
24.251 
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Between two rolling passes a very short heat exposure period of 5 minutes has been applied to 
ensure an equal starting temperature for the flat rolling process. The time was chosen as short as 
possible to minimize static structural changes in the test execution. An increase in mean values 
of the compressive force (Fm) at each pass indicates work hardening by rolling. The rather high 
standard deviation of Fm can be explained by temperature decrease of the sample during rolling, 
which takes approximately 10 seconds. Grain size measurements were also carried out using line 
intercept method to observe if recrystallization or grain growth has already taken place at 
temperature of 600°C. In table 2 further parameters of the rolling sequence of sample ST3 are 
given. For two chosen true strains (φΕ) of -0.49 and -1.06 the effect of short heat treatment, 
annealing at 650°C for 20 min, was investigated by structural examinations in longitudinal (LK) 
and transversal (QW) rolling direction. The principle idea of applying heat treatment to the 
material is to find out the influence of the annealing process on the ability to reduce the 
dislocation density after deformation. After increasing material ductility and brittle fracture 
resistance, additional stepwise deformation by rolling is possible in case higher deformation 
degrees are needed. 

Table 2: Roiling and heat treatment parameters of sample ST3 for rolling in 3 
passes (ST3-15) and 5 passes (ST3-8) plus giving information on direction of 

microstructural analysis: longitudinal (LK) and transversal (QK) rolling direction 
sample 

ST3-8 LK 
ST3*8 QK 
ST3-8 LW 
ST3-8 QW 
ST3-15 LK 
ST3-15 QK 
ST3-1SLW 
ST3-15QW 

direction 
longitudinal 
transversal 
longitudinal 
transversal 
longitudinal 
transversal 
longitudinal 
transversal 

ΦΕ 

-1.06 
-1.06 
-1.06 
-1.06 
-0.49 
-0.49 
-0.49 
-0.49 

heat treatment 
... 
... 

20 min at 650 °C 
20 min at 650 °C 

„ . 

_._ 
20 min at 650 °C 
20 min at 650 °C 

Microstructural analyses of the samples according to Table 2 are shown in table 3. The effect of 
microstructural change as a result of rolling at elevated temperatures is expected to be higher in 
rolling direction. Thus the longitudinal rolling direction is presented. Two major results are 
observable: the microstructure is not homogeneous over the thickness of the sample and 
secondly the heat treatment enforces less banded pearlite regions at the upper and lower sections 
near the surface. A re-arrangement of the pearlite bands near the surface region of the rolled 
specimens in comparison to the centre section can be clearly seen. This phenomenon is 
associated with the decarburization on the surface of the rolled sample due to diffusion activation 
of carbon in cementite during heat treatment. The degree of decarburization decreases moving 
closer to the centre of the specimen, as shown in table 3. Generally, it is expected that the rate of 
heat exchange is relatively higher at the surface than at the centre of the specimen due to contact 
with the colder rolling plates and the environment. On the other hand these regions are more 
stressed compared to the centre of the rolling work piece. Furthermore, influences such as 
oxidation during rolling or heating are also expected to play a significant role in this. 

The microstructural images shown in table 3 do not give straight away any information whether 
the higher deformation degree due to surface friction or the decarburization is responsible for the 
re-arrangement of the pearlite region. On the other hand decarburization is known to have a 
negative effect, especially on the surface hardness. 
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Table 3: Microstructure of ST3-L before (K) and after annealing at 650 °C (W), longitudinal 
rolling direction, upper surface, centre and lower surface, magnification of 200x 

ST3-15LW ST3-15LK ST3-8LW ST3-8LK 

upper 

centre 

lower 

m 

It is well known that the microstructure also affects mechanical properties. Therefore grain size 
has been determined and is presented in figure 2. A significant change in grain size in 
dependence of the region measured can not be seen. However, the influence of the thermo-
mechanical treatment on the grain size is given and will be discussed below. 

Sä(p=0,49_LW - < Í > = 1 , 0 6 _ L W S(p=0,49_LK 

Figure 2: Grain size in dependence on location and thermo-mechanical treatment, 
ST3-15LW - 0,49_LW, ST3-8LW - 1,06_LW: rolling plus 20 min annealing at 650°C, 

ST3-15LK - 0,49_LK: rolling 
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The indication of increase in mean compressive stress during rolling tests, shown in table 1, 
proves that there is no evidence of dynamic or static recrystallization taking place within the 
temperature range investigated (650°C), even at higher deformation degrees. The grain size 
values of rolling (LW) and rolling plus tempering 20min at 650°C (LK), presented in figure 2, do 
not differ significantly. However, grains are strongly stretched in rolling direction at a 
deformation degree of 1.06 (ST3-8). From the deformation mechanism map of pure iron as 
documented by Ashby and Frost [4], dynamic recrystallization is expected at a higher 
homologous temperature of up to 0.7, which is in the range of 995°C. Static recrystallization 
could however start in pure iron already at 450°C to 550°C depending on the deformation degree 
and possible heat treatment. Grain nuclei could appear due to thermodynamic potential 
differences on the ferrite - iron carbide interfaces and the duration of heat treatment [5]. Alloying 
elements also lowers the stacking faults energy and by extension the recrystallization 
temperature of pure iron. From this work, 650°C is approximately 0.5 T/TM. No dynamic or 
static recrystallization was observed; rather recovery is the rate controlling deformation 
mechanism during rolling at 650°C. 

In order to investigate the heat treatment effect, hardness test was carried out on the rolled 
material. Measurements were carried out at the upper, centre and lower sections of the 
specimens. Three measurements were made for each data group, out of these the mean value and 
standard deviation was calculated. In table 4 the hardness values HV0.1 are given. It can be seen 
that heat treatment lowers the hardness significantly. 

Table 4: Micro-hardness HV0.1 in dependence of the location over 
the thickness with respect to the heat treatment after rolling 

sample 
St3LK8 
8t3QK8 
St3LW8 
St3QW8 

upper 
285 ± 6.2 
274 ± 7.8 
198 ± 10.0 
197 ± 6.8 

centre 
246 ± 17.2 
242 ± 16.2 
219 ± 9.6 
211 ± 6.5 

lower 
258 ± 3.5 
267 ± 4.2 
211 ± 5.3 
209 ± 3.9 

This decrease in hardness is a result of the annealing process at 650°C. The increase in hardness 
with increasing deformation degree is expected. Theoretically, as the deformation degree 
increases, the dislocation density increases and the material strain hardens. For high stacking 
fault energy material such as the bec S355, dynamic recovery is more favourable at the 
temperature of interest in this investigation. Annealing at 650°C for 20 minutes will simply 
initiate glide of dislocations on the preferred glide planes thereby lowering the energy within the 
microstructure and makes the rolled specimens deformable by lowering the dislocation density. 
The hardness values show that in the decarburized sections the hardness decreases after 
annealing because the dislocation density decreases. With those results fiirther rolling tests were 
done to investigate the influence of the temperature on the homogeneity of the rolled samples. 
Figure 3 shows the expected behaviour, that the needed forming force decreases with increasing 
temperature. The peak of the force (FR) also shows that after the intermediate annealing the 
hardening effect is still present. However, rolling forces only increase to a smaller extent at 
roiling and annealing at 650°C. Thus softening mechanisms are present and during annealing 
static recovery and static recrystallization are possible. Due to longer annealing times, 
decarburization was more obvious in the microstructure. These are shown in table 5. Here 
annealing has been applied for one and two hours at 400°C and 650°C, respectively. 
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Table 5 Microstructure for different annealing times depending on the local region 

Magnification: 200x I 3-l_2_650°C_lh (longitudinal) 9-l_2_650°C_2h (longitudinal) 

upper surface 

centre 

lower surface 

After annealing for two hours, almost all banded ferrite-pearlite structure disappeared. 
Comparing it with the microstructural images in table 3 it can be observed that the differences 
between 20 min annealing and 60 min annealing are not very strong. Two hours annealing is 
more effective in homogenizing the microstructure regarding the ferrite-pearlite bands. 
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Summary 

This research study gives a small overview about the deformation properties of S355J2+N to 
provide data for numerical simulations of complete complex forming of thick plates, which are 
rarely described in the literature. Microstructural analyses showed that the ferrite-pearlite band 
structure disappears near the surfaces in contact with the rolls, while maintaining homogeneous 
microstructure within the deformed work piece. Surface decarburization was also observed at 
annealing for two hours at 650°C. However, even having less local pearlite fraction in the 
microstructure of the upper and lower section, no hardness decrease was observed. It seems that 
due to the surface friction work hardening overlaps the expected hardness decrease. Further 
investigations will focus on the influence of rolling at higher temperature. Here, recrystallization 
effects will appear to a stronger extent and thus the influence of the decarburization on the 
hardness, strength and homogeneity of S355J2+N could be influenced significantly. 
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Abstract 

This paper focus on the influence of carbon content and cooling rate on the microstructure and 
phase formation of Fe-Mn-C alloys under near-rapid solidification. When manganese content is 
about llwt.%, more ε-martensite can be obtained with cooling rate increasing when carbon 
content is 0.14wt.%, the formed phase changed from a phase to γ phase when 0.74wt.% carbon 
is added to the samples, and when carbon content up to 2. lwt.%, carbide can be obtained in the 
sample. A host of stacking fault, which attributes to the strain-induced martensite, can be 
observed in the sample. The microhardness increased with cooling rate increasing, and under the 
same cooling rate, the microhardness of samples with 0.14wt.% carbon is highest. 

Introduction 

To obtain high performance materials is eternal pursuit of material science research. Material 
scientists have explored many new ways to obtain high performance materials from long time 
ago. Rapid solidification is one of most popular ways to produce advanced materials by 
obtaining metastable phases, because it is widely known that the solidification of metals in 
metastable phases gives access to a whole range of materials with novel properties [1]. 
Furthermore, nowadays metastable materials have been extensively used in many fields, for 
example, many of our modern high performance materials such as steel products or aluminum 
alloys for aeronautical applications are in the form of metastable rather than stable phases [1]. 

Fe-Mn-C is one of hadfield steel which is extensively used in automobile, and also a class of 
metastable material, which is well known for its "transformation induced plasticity" (TRIP) and 
"twinning induced plasticity" (TWIP) effects [2]. And, Fe-Mn alloys also show a good damping 
capacity which is caused by ε-martensite formed on cooling [3,4]. So, many researches have 
been carried out for the γ—»α or γ—»ε martensitic transformation of Fe-Mn-C both theoretically 
and experimentally [5-7]. I.R. Sare revealed that ε-phase retained upon splatcooling was found to 
increase with cooling rate and carbon content within the restricted range [8]. In this paper, 
Fe-Mn-C system was selected to investigate its microstructure evolution and phase formation 
during near-rapid solidification. 
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Experiment 

A scries of Fe-Mn-C ingots were prepared from high purity iron (99.99 %), manganese (99.9 %) 
and Fe-C master alloy (containing about 4wt.% carbon), by electric arc melting in a water-cooled 
copper crucible under argon protective atmosphere. The Fe-Mn-C ingots have a nominal 
manganese concentration of llwt.% Mn, with carbon contents of 0, 0.14, 0.74, and 2.1wt.%, 
respectively. The results of elemental analysis indicate that Mn content are 10.0, 10.06, 10.01 
and9.90wt.% for the ingots ofO, 0.14, 0.74, and 2. lwt.% carbon, respectively. 

The Fc-Mn-C ingots were cut into small blocks with weighing about 5g, and then these two or 
three pieces of block in quartz glass tube were melted by induction coil. After that, the melt was 
sprayed, under argon protective atmosphere, into the copper mould whose cavity was designed 
into the width of 30mm, height of 35mm and thicknesses of 1mm and 1.5mm, respectively (as 
shown in Figure 1). The strips solidified at different cooling rates can be obtained. 

Liquid «teta 

Induction coi l 

Copper moul 

Figure 1. Schematic illustration of spray casting 

The strips were analyzed by means of X-ray dififractometry (D\max-2200X) with Cu 
Κα-radiation. Thin strips for transmission electron microscopy (TEM) were prepared using 10 
pet IÍCIO4 in alcohol by double-jet polishing apparatus. TEM observations were conducted on a 
(JEOL)JSM-2010. 
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Results and Discussion 

The cooling rates for strips with thickness of 1mm and 1.5mm calculated by simulation were 
2.0xl04K/s, 8.8* 103 K/s, respectively. 

XRD Analysis 
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Figure 2. X-ray diffractograms of Fe-llwt.%Mn-Xwt.%C strips with thickness of 1mm 

Effect of Carbon Content: Figure 2 shows the XRD patterns of strips with 0, 0.14, 0.74 and 
2.1wt.% carbon under the same cooling rate, respectively. It can be seen that only BCC phase 
was observed in the strip without carbon element, all of FCC, BCC and HCP phases in the strip 

Figure 3. X-ray diffractograms of Fe-llwt.%Mn-0.14wt.%C strips with thickness of lmm, 
1.5mm, and the as-cast sample 
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with 0.14wt% carbon and FCC, BCC phases in the strips with 0.74wt.%, 2.1wt.% carbon. The 
ε-martensite (HCP structure) peak can be only detected when the carbon content is 0.14wt.%. 
Peak height of FCC crystalline structure phase are much more distinguishable than BCC 
crystalline structure phase's when carbon contents are Owt.% and 0.14wt.%, but when carbon 
contents are 0.74 wt.% and 2.1wt.%, the results are reverse. So, the formation of austenite can be 
strongly promoted by addition of carbon, and a little carbon addition can promote the formation 
ofe-martensite. 

Effect of CoolinR Rate: X-ray dilfractograms of Fe-llwt.%Mn-0.14wt.%C strips with thickness 
of 1mm, 1.5mm, and the as-cast sample are shown in Figure 3. The coexistence of BCC, FCC 
and HCP crystalline structure phase in three strips can be confirmed from their XRD patterns. 
The {101} martensite peak is more and more distinguishable with cooling rate increasing. Thus, 
increasing cooling rate is likely to induce yfcc—>·ε̂ ρ martensitic transformation. 

TEM Analysis 

Transmission electron micrographs of three alloys with different carbon contents are shown in 
Figure 4 and 5. A host of typical lath martensite in matrix, which is identified as BCC structure 

Figure 4. Transmission electron micrographs of Fe-1 lwt.%Mn-0.14wt.%C strip with thickness of 
1mm. (a) and (b) a*-martensite; (c) BF morphology ofe-martensite; (d) DF morphology of 
e-martensite. 

a 

c 
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Figure 5. (a) and (b) Transmission electron micrographs of Fe-llwt.%Mn-0.74wt.%C strip with 
thickness of 1.5mm. (c) and (d) TEM BF and DF micrograph of Fe-llwt.%Mn-2.1wt.%C strip 
with thickness of 1mm. 

by the corresponding diffraction pattern, can be observed in Fe-llwt.%Mn- 0.14wt.%C strip 
with thickness of 1mm, as shown in Figure 4 (a) and (b), and the martensite's lath width is about 
60nm. Moreover, it can be seen from Figure 4 (c) and (d) that a little amount of different phase, 
which contain much narrow twins, all lying in the one direction in a given grain, exist between 
martensite lath in this alloy, and the phase is identified as HCP structure by the diffraction pattern, 
which demonstrates the ε-martensite. The presence of a'-martensite and ε-martensite is 
confirmed by results of TEM and XRD. 

Figure 5 (a) and (b) show that only numerous stacking fault and dislocation piled up at γ (FCC 
structure) grain boundary, no evidence of a'-martensite or ε-martensite was found. And when 
carbon content is up to 2.1wt.%, carbide precipitated along grain boundary, and tiny dislocation 
can be aslo observed near grain boundary, as shown in Figure 5 (c) and (d). So, TEM results 
reveal that a'-martensite (BCC structure) and ε-martensite (HCP structure) only exist in 
Fe-llwt%Mn-0.14wt.%C under near-rapid solidification. 

The reason of occurrence of a'-martensite or ε-martensite in Fe-llwt.%Mn-0.14wt.%C under 
near-rapid solidification is probably increase of stacking fault induced by the presence of 
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moderate carbon in solution, so that YfCC-*ehcp martensitic transformation was promoted. 
However, too much carbon would stablize γ phase, pin dislocation and stacking fault, and 
increase stacking fault energy, so martensitic transformation will be suppressed [9], And when 
carbon content increases furthermore, carbide is easy to precipitate. 

Microhardness Measurements 
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Figure 6. Microhardness of Fe-llwt.%Mn-Xwt%C alloys 

Figure 6 shows the microhardness of Fe-Mn-C alloys with different carbon content and cooling 
rate, Since the microstructure affects the microhardness measurements, these measurements 
provide a tool for evaluating the formed microstructures [10]. For the samples with same carbon 
content» their microhardness increased with cooling rate increasing. The higher hardness of the 
sample at higher cooling rate is probably a result of smaller grain caused by increasing cooling 
rate, 

Likewise, when under the same cooling rate, microhardness of the alloy with 0.14wt.% carbon is 
highest. The highest hardness at 0.14wt.% carbon content results from the presence of 
a*»martensite or ε-martensite which is considerably hard. A 190-250 HV hardness value of the 
alloy with 0wt.% or 0.74wt.% corresponds to that of the ferrite or austenite phase (XRD result in 
Figure 2 can support this interpretation). Carbide precipitates (the phase can be observed in 
Figure 5 (c) and (d)) along grain boundary are attributed to the second highest hardness of alloy 
with 2. lwt.% carbon. 

Conclusions 

(1) Moderate carbon is found to promote yfCC—*£hCp martensitic transformation, and too much 
carbon will make carbide precipitated along grain boundary in Fe-Mn-C alloy; 
(2) Increasing cooling rate can promote YfcC-*£hcP martensitic transformation, so that increase 
volume fraction of ε-martensite; 
(3) Carbon content range from 0wt.% to 0.14wt.%, BCC structure phase is formed, and carbon 
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content above 0.74wt.%, FCC structure phase is formed, and metastable HCP phase can be 
detected in Fe-llwt.%-0.14wt.%C alloy strips under near-rapid solidification; 
(4) The microhardness increases with cooling rate, and the microhardness of alloy with 0.14wt.% 
carbon is highest under the same cooling rate. 
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Abstract 

Materials selection for Gen IV supercritical water reactor in-core components faces major 
challenges due to severe operating condition. Beside high-temperature mechanical properties, 
SCC and general corrosion resistance of commercially available materials are also major focuses 
in recent research. Recent reports suggest that certain types of surface modifications are 
beneficial to SCW corrosion resistance. In this study, the effects of surface modifications are 
investigated, and possible mechanisms for improved corrosion performance are discussed. 

Keywords: SCW, corrosion, surface modification 

Introduction 
The current Canadian pressure-tube supercritical water reactor (SCW) design specifies a core 
outlet temperature of 625 °C under 25 MPa of pressure, with peak cladding temperature as high 
as 850°C. Challenges in materials selection include high-temperature mechanical properties, 
corrosion resistance, SCC resistance and radiation damage. Most of the SCW corrosion test 
results available are below 730°C. Early work by Allen [1] summarized the corrosion resistance 
of alloy groups including Ni-based super alloys, stainless and ferritic/matensitic (F/M) steels that 
can potentially be used for SCW reactors. F/M steels can only be used at low temperature sites 
(e.g. down stream piping). At 500 °C and 25 MPa, F/M steels develop a thick but mechanically 
stable oxide layer. However, the long term stability of the surface oxide layer is largely 
unknown. Ni-based alloys appear to form very thin surface oxide, however pitting was observed 
in the vicinity of some intermetallic precipitates [2-5], and dissolution of major alloying 
components could pose significant problems for down stream piping [6]. In addition, concerns 
of Helium formation due to Ni transmutation prevented this alloy group to be used as fuel 
cladding. The corrosion resistant austenitic stainless steels (e.g. 316L) are found to be 
susceptible to localized corrosion such as pitting, intergranular attack and stress corrosion 
cracking (SCC) [7]. 

Some early studies suggest the surface modification and surface roughness significantly reduced 
SCC failure rate of steam generator tubes [8, 9]. The effect of surface modification was also 
reported in recent literature [10-12]. Most of these reports are based on weight change 
measurement and/or statistical analysis. In contrast, Arioka [13] suggested that plastic strain will 
promote SCC propagation due to increased density of cavities ahead of crack tip. Staehle also 
described that machined surface of 316NG taken from recirculating line of a BWR with surface 
nano structure is prone to SCC problem [14]. These controversial conclusions mainly arise from 
the confusion of different surface conditions in their tests. From severely deformed, nano-
crystalline to fully recrystallized fine grained structure, the surfaces could have very different 
characteristics, thus behaving very differently in terms of corrosion and SCC resistance. In this 
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study, we do not attempt to resolve this complex issue, but rather we focus on investigating a 
specific case of surface modification using advanced microscopy techniques. 

316L stainless steel tubes were used in this study. The outer surfaces of the test specimens were 
prepared to give various starting surface finishes. The "as-machined" specimen represents a 
rough surface which presumably gives substantial subsurface mechanical damage. The 
"polished" surfaces (polished with 600 grit and 1200 grit SiC paper) provide smooth surface with 
little subsurface mechanical deformation. The test coupons were subjected to SCW corrosion test 
in an autoclave at 650°C and 25 MPa of pressure for 3000 hours at VTT. The dissolved oxygen 
content was 150 ppb. After testing, the specimens were studied using microscopy techniques 
including SEM, FIB and TEM 

Results and Discussion 
After SCW exposure, weight changes were recorded. The coupon with the "as-machined" 
surface was found to have the least weight change [12]. As shown in Figure 1, the machined 
surface appear to be smooth and shiny, while coupons with other surface finishes appear to be 
severely oxidized after SCW exposure. 

Figure 1. Digital photograph of tested tube samples 

SEM images taken from the surfaces indicated that little corrosion took place on the machined 
surface (Figure 2a). The machining marks are well preserved. The polished surfaces were 
covered with thick oxide layer (Figure 2b). 
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Figure 2. SEM images of surface morphology after SCW exposure (a) machined surface, (b) 
600- grit polished. 

A dual-beam FIB microscope was used to perform ion beam cross-sections on two tested 
specimens (machined and 600-grit polished). Details of FIB techniques can be found in 
literature [15]. As shown in Figure 3, there are substantial differences in the morphology of the 
two samples. 
1) Surface oxide layer 

The SCW exposure resulted in a very thin surface oxide layer on the machined surface. This thin 
oxide layer is represented by the dark line indicated in Figure 3 a. One of the occasional surface 
oxide islands was intentionally included in the FIB cross section. It appears that this oxide 
particle did not penetrate into the substrate. The specimen with an initially polished surface 
formed a relative thick surface oxide layer, which is composed of magnetite poly crystal as later 
confirmed by our TEM analysis (Figure 3b). Detailed TEM analysis results will be presented 
elsewhere. 

2) Subsurface microstructure 
As shown in Figure 3 a, a layer of fine-grained microstructure can be found immediately beneath 
the thin oxide layer followed by a zone of deformed microstructure. The deformed 
microstructure is featured by micro shear bands and mottled grains [16]. 

The 600 grit polished sample appear to be severely oxidized during SCW exposure. Internal 
oxidation associated with grain boundary voids are found on random FIB sections (Figure 3b). 
This will no doubt deteriorate its mechanical properties. The oxidation could have penetrated 
quite deep into the substrate, i.e. beyond this FIB cross section range. 
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Figure 3. FIB cross section of the SCW tested 316L samples (a) machined surface, (b) 600-grit 
polished 

3) Contributing factors 
Mechanism of such significant difference between the machined and polished samples can be 
complex. However, it is widely accepted that maintaining a dense, continuous and coherent 
passive film is the key in corrosion prevention for stainless steels. 
Prior to SCW exposure, the machined surface exhibited significant residual strain near the 
surface. The deformed zone is depicted as a severely disturbed layer shown in Figure 4 (sand 
blasted 316L alloy). During the subsequent SCW exposure at 650°C, the severely deformed zone 
becomes recrystallized, forming a fine-grained microstructure near the surface (Figure 3a). The 
test temperature in this experiment is not high enough to cause grain growth. The increased grain 
boundaries area in the fine grained layer could act as short circuits for outward diffusion of Cr. 
This helps to provide sufficient Cr near the surface to maintain a continuous Cr2C>3 passive layer 
during SCW exposure. Study by Tsuchiya et al. [17] on corrosion and SCC resistance of 
normal-size and fine-grained stainless steels in SCW support our explanation. In case of the 
formation of nano structure as that shown by Staehle [14], the surface layer will have 
significantly reduced strength, which could lead to SCC initiation. 
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Figure 4. FIB section of sand blasted 316L stainless steel 
On the other hand, SCW exposure of polished surface that had coarse grain structure oxidized 
severely. The rate of corrosion is affected by both the outward diffusion of Fe to form Fe304 
crystals on the surface, and inward diffusion of oxygen to form the interfacial Cr-rich complex 
oxide. Because of the limited densities of grain-boundaries that can act as "short-cut" pathway 
for Cr diffusion, the high integrity of passive chromium oxide layer could not be maintained 
during SCW exposure. 

Summary 
Surface treatment could improve corrosion resistance of stainless steels under certain conditions, 
as seen in the 316L samples that were tested in the as-machined conditions. The machining 
introduced significant sub-surface plastic deformation, which led to recrystallization and grain-
refining. There was much less oxide formed on the as-machined samples than on the polished 
samples. Grain refinement although improves corrosion resistance, bulk fine-grained materials 
should not be used as cladding due to their poor creep resistance. In combination with various 
coating effort, surface treatment that lead to fine-grained surfaces could provide a solution for 
materials solution for Gen-IV reactor cladding. 
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Abstract 

The process of Tribofinishing is investigated as a means to reach a state of quality for the surface 
treated. During the said process there occurs mass transfer at the interface of the piece to be treated 
and the abrasive charge (abrasive plus additives). This situation is studied for Titanium as a 
possibility for application in prosthesis. With these results is intended to produce a model of the mass 
transfer that would allow having further control of the process. 

Introduction 

Tribofinishing is a process to improve the surface state of a given component that includes: 
elimination of rough edges, chips, seams, scales, burrs, offshoots, sprues, flashes, cast seams, 
featheredges and other defects, also to round off angles, to polish selectively, with a technology that 
uses unguided cutting tools which work under conditions of soft wear [1]. 

The basic concepts for tribofinishing are comprised in the area of study which deals with the laws that 
control fretting and wear: tribology. This is the science that studies the problems associated to 
interacting surfaces which are in movements relative to each other, making emphasis in the 
mechanisms that control the overall process and on modelling the degradation observed. Tribology is 
influenced by two dissipative phenomena: fretting and wear. 

Fretting is associated with the existence of a resistance to relative movement due to the interaction 
between solids, on their actual contacting surfaces. Namely the consumption of energy. Wear 
describes the processes of destruction of the surfaces as a consequence of the relative movement of 
two bodies. That is consumption of matter. A midst the wear phenomena, the most aggressive types 
are the adhesive and the abrasive [2]. 

The signs of such types of wear are scratches, furrows, tearing of very small and, after, of larger chips 
of the material under the action of abrasive particles in movement or of hard protuberances from one 
of the surfaces involved. 

Hard asperities or the abrasive grains can be considered as cutting tools. 

A theoretical approach would consist in modelling one abrasive particle that can be considered as a 
cone of half angle Θ at the vertex, under a differential load dP. The particle penetrates the surface with 
a depth z. (see Fig. 1). 
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Fig. 1. Wear model for the contribution abrasive. 

Using as a definition the Meyer hardness H as: 
dP 

H=äA ( 1 ) 

where dA is the projected surface within the plane of the indent, we can make the following 
considerations. The contribution of the abrasive particle to the load is: 

dP^dAxfí (2) 

In other words; 
dP - Vz Π*2 tg2D (3) 

The factor V% comes from the geometry of the indent. 
The volume of material dV from a sliding distance dL, as given by geometry is: 

dV ~ £2xtgOxdL (4) 

Then: 
ÍÍL. 
dL ' 

2cot# dP 
H 

For all abrasive particles a wear percent is obtained that is expressed as: 
r2cot#1 

I 
P P 
H H 

(5) 

(6) 

Where: 

K = k 
2cot<? 

is obtained experimentally and generally is of the order 10*2 

It is important to realise at this point that eq.(6) expresses the wear percent (V/L) in terms of the load 
P and of the Meyer hardness H of the material, regardless of the wear mechanism: be it adhesive, 
surface fatigue, tribofinishing, etc. From this point of view, the value of K appears as a measure of the 
severity of the wear process [3]. 
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It is the interest of the present work as a first approach to the problem, to propose a general law of 
behaviour. 

General Basis for Tribofinishing 

Tribofinishing is related to: 
- The action of rubbing between the load for work given by the different kinds of abrasives and the 
work pieces to be treated. 
- The work load is generally kept within a wet environment by means of an aqueous solution that 
controls the physico-chemical conditions for fretting. 

Thus there are three variables that have influence on the process: 
1. - A machine that imparts relative movement and the energy associated. 
2. - The work load which carries out the work during the process 
3. - The liquid solution which acts as an agent with defined surface properties. 
The mechanical aspect of the process rests upon control of the multiple collisions between the load 

of particles and the work piece [4]. 

The Machines 

These can be classified in terms of the movement produced: 
- Alternative lineal movement 
- Simple rotating movement 
- Vibratory movement 
- Centrifugal rotating movement. 

Regardless of the type of machine selected, the constituents of the work load, work piece-abrasive, 
are subjected to a permanent internal fretting action, which gives rise to wear. 

Whichever kind of movement imposed, there are three classes of principal interactions between the 
piece and the abrasive: shearing, impact or percussion and abrasion, (see Figure 2). 

It is necessary to look for an optimal movement of the machine that permits the best interaction in the 
relative contact between the treated material (pieces) and the charge abrasive. 

Fig. 2. Ternary diagram showing the mechanisms of tribofinishing. 
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The Workload 

This action is made up by the abrasives and the work pieces. By abrasive it is understood the material 
that produces wear by fretting: it can be a mineral, metal or an agglomerate. 

The selection of a given abrasive depends on the following: 
- The relative proportion of abrasion, impact or shearing. 
- The shape of the work piece 
- The type of machine to be used [5]. 

From a general point of view, if the piece to be treated is a soft metal, a polymer abrasive will give 
the best result. On the contrary if the piece is hard, it should be best to use a ceramic abrasive, which 
due to its significant chemical inertness there should be no effects upon the system considered. The 
main parameters for the selection of the abrasive are given as follows: 

- Characteristic weight: this is related to the structural nature of the material, which determines its 
density. 

- Cutting capacity: the amount of material cut by means of a tribological action Q is determined by 
the following expression: 

e»ÍA(vM-vj 
«-» (7) 

where: 
2 ,« number of abrasive cutting grains 
A« ~ area of one cut obtained 
Vm » velocity of the work piece during contact 
VM β velocity of the abrasive during contact 
- Reliability of the abrasive: this is related to the structural homogeneity, to cohesion, fragility,... 

The Environment 

Generally, the tribological actions occur in an aqueous medium that contains additives. Among the 
most common additives, the surfactants are preferred, because they favour machining the surface, 
very likely because they affect favourably the local cutting conditions. 

The HLB theory (Hidrophile Lipophile Balance) permets to reach the best condition to obtain an 
adequate surface. The theory establishes that an HLB=11 is correct for a non ferrous material [6]. 

Experimental Procedure 

There exists a correlation between the quantity of material that has been cut away and the relative 
variation of elements in the workload. In order to analize the problem, it is of interest to use this 
kinematic approach. The work principle for barrel turning is schematised in Figure 3. 
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Fig. 3. Important characteristics for barrel turning. (1 rubbing circuit, 2 return circuit, 3 aqueous 
solution, 4 foam solution, h level solution, A cascade very high velocity, B cascade charge 

insufficient). 

For a better understanding of the problem in hand, it has been carried out a kinematic study of the 
movement of a workload within the barrel. The cilindrical symmetry of the barrel of radius R is 
considered and the workload is assumed to be distributed in the internal periphery of the barrel at a 
given point M. The latter is defined in the X-Y plane in relation to angle Θ. (see Fig. 4). 

Fig. 4. Kinematic study for the tribological process in the barrel. 

The point M is associated with an interface MM' that cuts across the X axis at position I, which is 
responsible for the change of movement in the workload, (see Fig. 4). 

There is a second reference fixed XI-Yl (see fig. 5), where point M with coordinates (X,Y) has new 
coordinates (Χι,Υι). This is to say: 

OM = RcoseJ( + RsQn0? (8) 
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Fig. 5. New reference axis to study the kinematics of movement. 

OM a /?(~sena · X + cosa · Y) + AM(cosa· X + sena · Y) (9) 

(10) 

From the expressions (8) y (9) we have: 

Rcos0 - AMcosa * h sena 
Rsen# - AMsena + h cos a 

Which gives: 
Λ n AM sena + h cosa 
tan Θ s= — — i _ _ AM cosa -h cosa (11) 
The last expression permits to relate both parameters h and Θ. Besides, it is seen that (see fig. 5) is 
fulfilled: 
AM-(R2-/*2)1 '2 ( 1 2 ) 

From the defined coordinates, it is possible to define the instantaneous velocity at point M: 

dt 

Taking into consideration the change of reference system, we have: 
X ~ Xl cosa-Y] sena 
Y ~ A', sen a + 3̂  cos a 

Expression (13) may be written as: 
7^ » -#0'sen(<9 - a)Yx + R0'cos(O - a)Yx 

(13) 

(14) 

(15) 

K -Rco sen(<9 ~ a)X{ + Rm cos(# ~ a)Yx 

Where the angle a physically represents the sliding slope. 
With the same reasoning, the acceleration at point M is given by: 

JT = íífk. - Ra)i co s ( a - 0)Υχ + Rm* s e n ( a _ Θ)Υχ 
dt 

(16) 
The last expression has been numerically calculated for different values of the angles a and Θ. 
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It is important to emphasize that point M is a particular point, where one particle that is initially in 
contact with the wall of the barrel, which is not involved in the uniform rotation movement around 
the OZ axis and it is sliding suddenly toward the inner part of the barrel following the sliding slope, in 
accordance to the reference: OXi - OYi. 

If the value of the a is fixed (since it depends on the adherence between the particle and the wall of 
the barrel) then it is possible to study the evolution of the sliding speed V as a function of the 
workload level (see Fig. 6). 

| - R w 

Fig. 6. Evolution of the sliding speed as a fiinction of the workload for a=45 . 

It can be observed from Fig. 6 a linear relationship, but most important that the initial sliding speed is 
positive for a worload level higher that half the barrel. 

It is very important to seek to determine which are the parameters that permit an optimization of the 
abrasive action. Therefore, the sliding speed increment should accelerate the process. 

The normal speed component calculated as a function of the height of the workload at point M 
produces a positive circular profile. This does not permits to obtain an interesting practical 
conclusion. The evolution of the components of acceleration as a fiinction of the sliding angle for 
different worload levels, is found to be constant, (see Fig. 7). 

RW/3 h = R/2 

30 45 60 90 a 

Fig. 7. Evolution of the sliding speed as afuntion of the angle for different worload levels. 

Therefore, the sliding angle is not an important factor for the sliding speed, whereas the workload 
level will influence more. The sliding height can be defined as the projection of the sliding length on 
the vertical axis. 

It is observed that the sliding height or sliding potential is maximum when h = 0, regardless the 
sliding angle (see Fig. 8). 
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Fig. 8 Variation of the aliding height with the diameter of the barrel 

It is observed that sliding height or sliding potential is maximum when h = 0, regardless the sliding 
angle (see Fig.9). 

Fig. 9. Evolution of the sliding height of&H, as a function of the workload for different sliding 
angles. 

To increase the a angle will increase the maximum value for ΔΗ. 

Conclusions 

It is evident that the workload of the barrel at half height has two important characteristics, maximum 
length and a sliding potential; however, the sliding speed is initially null. 

The best compromise appears to be a workload level equivalent to % the capacity of the barrel. As a 
matter of fact this permits to obtain a non negligible initial sliding speed, which in turn minimizes the 
influence of the other factors. 
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Abstract 

In order to evaluate the grain refining and mechanical properties due to severe plastic 
deformation (SPD), this work was carried out. Conventional rolling (CR) and cross roll rolling 
(CRR) as a SPD method were introduced, and Ni-20Cr alloy as an experimental material was 
chosen. The materials were cold rolled to 90% in thickness reduction and subsequently annealed 
at 700oC for 30 min to obtain the fiilly recrystallized microstructure. For annealed materials after 
cold rolling, electron back-scattered diffraction (EBSD) analysis was carried out to investigate 
the grain boundary characteristic distributions (GBCDs). CRR process was more effective to 
develop the grain refinement relative to CR process, as a result, grain size was refined from 70 
μηι in initial material to 4.2 μπι (CR) and 2.4 μηι (CRR), respectively. These grain refinements 
directly affect the mechanical properties improvement, in which microhardness and yield and 
tensile strengths were significantly increased than those of initial material. 

Introduction 

Cross-roll rolling (CRR), i.e., a new rolling process in which roll axes are tilted against the 
transverse direction (TD) in the rolling direction (RD) - TD plane, was proposed by Chino et al. 
[1]. This new rolling process can impose a higher effective strain than that of conventional 
rolling (CR), resulted mainly from shear deformation of 823 [2]. Generally, the effective strain 
imposed in material during deformation directly affects the resulting grain size through heat 
treatment, in other words, a higher effective strain can obtain the more refined grain size [2]. Ni 
base alloy used in this study has an intermediate stacking fault energy (SFE), ranging between 
Cu and Al alloys, however, an increase in Cr content on Ni matrix led to the gradual decrease in 
SFE [3,4]. As known theoretically, the lower SFE materials are more easy to acquire the refined 
grain size than that of the higher SFE materials through SPD and subsequent annealing process, 
resulted from the more nuclei sites [3, 4].Therefore, CRR process with a higher effective strain 
than that of CR process could be obtained the notably refined grain size and accompanying the 
increased mechanical properties. Lately, SPD processes, such as equal channel angular pressing 
(ECAP), high pressure torsion (HPT) and high speed ratio differential speed rolling (HRDSR), 
have been studied with regard to obtaining of high strength, resulted from refined grain size [5-7]. 
However, the research of CRR process on Ni-Cr alloys has not been carried out thus far. 

In the present study, we evaluated the microstructural and mechanical properties enhancement on 
severely plastic deformed Ni-20Cr by using CRR, comparing with CR processed material, and 
discussed the effect of effective strain on grain refinement and accompanying the mechanical 
properties development. 
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Experimental Procedures 

The material used in this study was Ni-20Cr alloy with size of 30 mm χ 50 mm χ 8 mm. 
Solution treatment was carried out at lOOOoC for 1 h to remove the cast structure and obtain the 
homogenized microstructure. Specimen was mechanically ground to remove the surface 
oxidation and cold rolled to 90% thickness reduction, without lubricant to maximize the shear 
strain, In particular, CRR was carried out with retaining the roll mill condition in which roll axes 
were tilted by 5° from the transverse direction (TD) in RD-TD plane. In order to observe the 
microstructures of cold rolled materials by CR and CRR, transmission electron microscopy 
(TEM) was employed, and cold rolled sheets were then cut to 3 mm disc, mechanically ground to 
80 μηι and jet-polished to 10 μηι by using the solution of 10 ml perchloric acid and 90 ml 
methanol at -30oC, TEM analysis on thinned specimens was carried out at 200 kV. 

For annealing on cold rolled material, specimens were prepared by 5 mm χ 5 mm in size and 
annealed at 700 oC for 30 min to obtain the fully recrystallized microstructure. To analysis the 
grain size, grain boundary characteristic distributions (GBCD) and textures on annealed 
materials, electron back-scattered diffraction (EBSD) was introduced. For this work, specimens 
were additionally polished by vibratory polisher, and the specimen surfaces were then analyzed 
using orientation image mapping incorporated in scanning electron microscopy (SEM). To 
evaluate the mechanical properties, Vickers microhardness and tensile test were employed. The 
former test was carried out on cross sections of the specimens, with a load of 9.8 N and dwell 
time of 15 s. Tensile test specimens were used to evaluate the transverse tensile strength of the 
cold rolled and recrystallized materials, as shown in Fig. 1. 
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Figure 1. Configuration of transverse tensile specimen used in this study. 

Results and Discussion 

The grain boundary map, grain size distribution and grain boundary misorientation angle 
distribution, acquired by EBSD analysis, of initial material is shown in Fig. 2. Initial material 
was composed of equiaxed grains, including a large amount of annealing twins in the grains, as 
shown in Fig. 2(a). At this state, grains ranging between 2.4 and 130 μηι in size were 
heterogeneously distributed, with average size of 70 μιη, as shown in Fig. 2(b). In addition, the 
high-angle grain boundary at all fraction occupied more than 90%, in which 60o distribution 
showed the highest fraction of the misorientation angle distribution, as shown in Fig. 2(c). This 
was identified as annealing twin boundary, which is well performed at materials with lower 
stacking fault energy in fee metals. 
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Figure 2. (a) Grain boundary map, (b) grain size and (c) misorientation angle distributions of 
initial material. Black, gray and red lines in the grain boundary map indicate high angle, low 

angle and CSL boundaries (<Σ29), respectively. 

Grain boundary maps and grain boundary misorientation angle distribution of cold rolled and 
annealed materials are shown in Fig. 3. Application of cold rolling was effective to improve the 
grain refinement through heat treatment. As a result, CR processed and annealed material 
consisted of grains ranging between 0.2 and 12.2 um with average size of 4.2 μηι, which is 
significantly refined size than that of initial material, as shown in Fig. 3(a). CRR material 
showed the more effect in grain refining, consequently, the grains were ranged from 0.2 to 9 μπι 
with average size of 2.4 μπι, as shown in Fig. 3(b). For misorientation angle distribution, high 
angle grain boundary occupied more than 95% at all conditions, as shown in Fig. 3(c-d). In 
addition, 60o distribution showed the highest fraction at all conditions, which was identified as 
annealing twin boundaries similar to that at initial material, as mentioned above. 
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Figure 3. Grain boundary maps and misorientation angle distributions of recrystallized material 
after cold rolling. Grain boundary maps; (a) conventionally rolled and annealed material and (b) 

cross-roll rolled and annealed material. Misorientation angle distributions; (a) conventionally 
rolled and annealed material and (b) cross-roll rolled and annealed material. Black, gray and red 

lines in the grain boundary maps indicate high angle, low angle and CSL boundaries (<Σ29), 
respectively. 

Change in Vickers microhardness due to the application of cold rolling and annealing is shown 
in Fig. 4. Application of cold rolling led to an increase in microhardness, as a result, 
microhardness increased from 116 Hv in initial material to 348 and 427 Hv in CR and CRR, 
respectively, showing notably higher value in CRR. In case of annealed materials, microhardness 
exhibited 200 Hv in CR and 266 Hv in CRR, respectively, which also showed a higher value in 
CRR material, similar to that at cold rolled materials. 
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Figure 4. Changes in Vickers microhardness distributions during deformation and annealing. 

Tensile properties of initial, cold rolled, and annealed materials are shown in Fig. 5. Initial 
material exhibited 42 and 418 MPa in yield and tensile strengths, respectively, with elongation of 
50%. Application of cold rolling led to the notable increase in yield and tensile strengths, 
consequently, CR and CRR processed materials showed 848 and 963 MPa in yield strength and 
1054 and 1067 MPa in tensile strength, respectively. However, their elongation decreased to 6.8 
(CR) and 5.6% (CRR), respectively. At annealed materials, yield and tensile strengths of CR 
material were 189 and 494 MPa, with elongation of 34%. CRR material showed 340 and 566 
MPa in yield and tensile strengths with elongation of 32%, significantly increased yield strength 
without remarkable decrease in elongation when compared to CR material. 

M O W 90OÄ+RX 90CRR+RX 

Figure 5. Tensile properties of cold rolled and annealed materials. 

Change in texture distributions of initial material, and cold rolled and subsequently annealed 
materials is shown in Fig. 6. At initial material, the grains were densely distributed at <001>//ND, 
showing the highest intensity, as shown in Fig. 6(a). CR processed and annealed material also 
showed the densely distributed grains at <001>//ND, similar to that at initial material, as shown 
in Fig. 6(b). However, the grains in CRR processed and annealed material were densely 
distributed at <111>//ND, as shown in Fig. 6(c). 
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Figure 6, ND inverse pole figures of the initial material, and cold rolled and annealed materials. 
(a) initial material, (b) CR and (c) CRR materials. 

Application of SPD process such as CR and CRR led to the notable grain refinement, as a result, 
average grain size was significantly refined from 70 urn in initial material to 4.2 and 2.4 μπι in 
CR and CRR, respectively, as shown in Fig. 2 and 3. In particular, CRR processed material 
showed the more refined size than that of CR processed material. This can be explained in terms 
of the effective strain which imposed during deformation. Generally, a larger effective strain 
imposed in material can lead to the more refined grains through heat treatment. CRR process 
applied in this study has a larger effective strain than that of CR process due to shear 
deformation of ^823 [8]. As known by theoretically, CR mainly impose the deformation with 
811^-833 and 822- ε 12*813s £23-0, whereas in the practical rolling process ει3 is not zero. 
However, CRR process can expect the shear deformation with 812, &n and 823, without expecting 
at CR, which results in change in grain shape during the deformation [8]. Therefore, these shear 
deformation due to CRR process, resulting in a higher effective strain, can lead to the more large 
grain refinement after heat treatment. 

Grain refinement led to an increase in mechanical properties, such as Vickers microhardness and 
yield and tensile strength. At Vickers microhardness, its values were significantly increased from 
116 Hv in initial material to 200 Hv in CR and 266 Hv in CRR materials, respectively, 30% 
higher value in CRR than that of CR, as shown in Fig. 4. In case of yield and tensile strengths, its 
values in both processes showed outstanding increase, however, CRR processed and 
subsequently annealed material exhibited the more increased values than that of CR, as a result, 
they were increased from 42 MPa and 418 MPa in initial material to 340 MPa and 566 MPa in 
CRR material, respectively, as shown in Fig. 5. These increases in mechanical properties can be 
explained in terms of grain refinement. In other words, smaller grain size mainly attributed to 
their strength enhancement. 

The relationship between yield strength and grain size in CR processed material was satisfied 
with Hall-Petch relationship. The following relation was derived, σ = -5.6 + 399d"1/2, however, 
CRR processed specimen showed 37% higher value than that of CR processed material, 
consequently, which was distributed at upper side of Hall-Petch straight line of CR. Therefore, 
we conclude that CRR caused greater enhancement of the mechanical properties. This 
conclusion is also supported by the finer grain size and texture distribution of the CRR processed 
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specimen. Particularly, different texture distributions in CR (001//ND) and CRR (111//ND), as 
shown in Fig. 6, could be considered for reason of increase in mechanical properties. These 
findings suggest that CRR can lead materials to smaller grain size and improved mechanical 
properties after recrystallization by subsequent annealing. 

Conclusions 

Application of cold rolling on Ni-20Cr alloy was effective to develop the grain refinement. As a 
result, average grain size was refined from 70 μιη in initial material to 4.2 μηι in CR and 2.4 μιη 
in CRR, respectively, showing a higher refinement in CRR. These grain refinements led to the 
increase in mechanical properties such as microhardness, and yield and tensile strengths. In 
particular, the yield strength in CRR processed and annealed material increased to 800% relative 
to the initial material and 180% relative to the CR processed and annealed material, respectively. 
Notable increase in yield strength of CRR material is caused by a higher effective strain relative 
to CR material, mainly resulted from 823, as well as the texture development of <111>//ND. 
Therefore, CRR process imposed a higher effective strain can enhance the grain refinement and 
accompanying the mechanical properties, more effectively. 
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Abstract 

Novel processes are being developed to fabricate thin copper thermal wick samples of a targeted 
porous microstructure. Structures of desired porosity, thickness and pore size and distribution 
are achieved by tailoring the incorporation of sacrificial polymer beads into slurry precursors. 
The thickness of the final structure is dictated by precisely controllable slurry application 
methods, such as spin coating. In a subsequent heat treatment, the polymer components 
thermally decompose and the remaining copper particles sinter to form a reticulated foam. The 
resulting microstructures are characterized in terms of porosity, permeability and specific surface 
area. 

Introduction 
Thermal wick systems composed of open celled, microporous copper foams have proven 

to show efficient performance capabilities in passive cooling devices, such as heat pipes or in 
vapor chambers. These foams are comprised of a solid copper phase that confines a network of 
interconnected pores. This pore network is responsible for the fluid transport properties through 
the wick, the copper foams are therefore able to function as cooling systems by wicking fluid 
from a condenser region within the device, to an evaporative region [1,2]. There are a number 
of methods utilized to fabricate cellular metallic foams: including foaming liquid metal 
precursors, use of metal powders and metal ion precursor solutions [3]. The copper foams being 
analyzed in this article are fabricated from sintered copper powder, and the fabrication process 
employs a sacrificial templating method of using space-holding filler materials to affect the 
characteristic porosity. [4] 

One issue that arises with systems of open celled porous structures is the occurrence of 
overheating and/or dry-out, in which the heat transfer from the application exceeds the 
capabilities of the vapor chamber, and the fluid evaporates faster than it can be wicked through 
the system. In such cases, the fluid no longer returns to the condenser region from the 
evaporative region and the vapor chamber ceases to function as a cooling device [1]. The ability 
to determine the performance parameters and critical characteristics of the thermal wicks prior to 
their implementation in application situations would decrease the chances of the wick 
overheating. Knowing the limits of the thermal wick would allow the prevention of placing the 
wick in an application that function outside the range of the thermal wick's capabilities. It would 
also be favorable to have the ability to reliably produce devices with the same critical 
characteristics and performance parameters. 

Critical characteristics that thermal wicks must demonstrate are a high thermal 
conductivity, efficient capillary transport and evaporative transport over the porous region of the 
device. Performance of the thermal wick, particularly the capillary flow and transport, can be 
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characterized by the microporous structure of the foam [2]. This structure can be controllably 
tailored to optimize these characteristics and the overall performance of the thermal wick. The 
capillary transport will be dependent on the radii of the pores, and the permeability is largely 
determined by the porosity of the foam [2]. 

This study aims to develop a method that will reliably produce thermal wick specimens 
with predictable critical features. This fabrication process will include the production of the 
slurry precursor, application by spin coating or doctor-blading and a heat treatment. This will be 
done by determining a set of precursor slurry formulations that will give a predictable final 
structure when submitted to a specified fabrication process. The processes being developed in 
this study will be adaptable, as to obtain certain desired features within the resultant structures. 
For example, thin foams are predicted to be better fabricated by applying the slurry suspension 
via a spin coating method, whereas thicker foams are predicted to be more easily achieved by 
employing the doctor-blade technique. Changing the viscosity of the solvent will also allow for 
control over the thickness of the slurry layer and final structure; less viscous slurries are expected 
to give thinner foams and more viscous slurries are expected to give thicker foams. The size of 
the pores within the structure can be controlled by using space-filling sacrificial polymer beads 
of differing sizes. The amount of template polymer beads added to the precursor slurry 
suspension should directly affect the porosity of the final structure, with higher volume 
percentages of template resulting in higher porosities. Combining the two parameters, polymer 
bead size and volume, should lead to control over the effective surface area of the foam. 

The structural parameters this study is seeking to optimize through an adaptive process 
are the effective pore size, effective surface area, tortuosity and porosity of the cellular metallic 
foams, As the critical parameters are difficult to determine experimentally, the porous structures 
will be subsequently characterized by subjecting scanning electron microscopy images of the 
foams to previously established image analysis methods [2, 5]. Through calculation and analysis 
of these parameters, the theoretical permeability of the foams can be determined to establish the 
performance capabilities of the microporous copper foam as a thermal wick. 

Experimental 
Development of Formulations 

Six distinct slurry formulations were created to fabricate a series of samples to be 
structurally analyzed. Two different sizes of poly (methyl methacrylate) spheres were utilized for 
sample fabrication, one type with an average diameter of 40pm (Scientific Polymer Products, 
Inc) and another with an average diameter of 15 urn (Arkema, Inc). Three different volume 
percentages of the polymer pore templates were utilized to effect differing levels of porosity, 
53% template by volume, 65% and 73%. The different formulations were developed by first 
determining the ratio of copper powder to polymer template necessary to create dry mixtures of 
poly(methyl methacrylate) and copper powder that were 53%, 65% and 73% template by 
volume, The copper powder used to fabricate the foams was derived in the laboratory from 3-
5μηι copper (II) oxide powder (American Chemet). The liquid portion of the slurry was a 
solution of 25% 8000 molecular weight poly(ethylene glycol) (Carbowax™) in water. The 
polyethylene glycol) served as a binder to keep the foam layer from cracking when the solvent 
was evaporated after the slurry was applied to the substrate. 

The smallest volume of solvent required to fully solvate the slurry was determined by 
performing solids loading experiments with the individual and combined solid components. The 
solids loading experiments were executed by weighing a known amount of the solid onto a watch 
glass, and adding the solvent drop wise until the mixture formed a cohesive paste. 

The precursor slurries were created by weighing the required masses of copper powder 
and polymer beads into a small beaker, then dispensing the required volume of solvent into the 
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beaker via syringe. The components were mechanically blended into a cohesive mixture. After 
application to the substrate, the thermal wick samples underwent a heat treatment to thermally 
decompose the space-filling template and sinter the copper powder. 

Application Methods 
Two application methods were implemented to effect thin, uniform layers of the slurry on 

the substrates: spin coating and doctor blading. To create a sample by the spin coating method, 
the substrate was attached to the chuck of the spin coater by a vacuum mechanism and an 
amount of slurry sufficient to coat the entire substrate surface was dispensed onto the substrate 
via pipette. The samples were spun at velocities ranging between 500 revolutions per minute 
(rpm) and 1150rpm, with a constant acceleration for 10 seconds. The water in the solvent was 
allowed to evaporate from the slurry, leaving behind the binder, and the thickness of the slurry 
layer of the substrate was measured via micrometer. The doctor bladed samples were prepared 
by placing the substrate between two spacers of known thickness. The slurry was applied to the 
substrate to the level of the spacer, allowing exact control over the height of the slurry layer 
being applied. 

Microstructural Analysis 
Microstructural analysis of the open celled foam samples was achieved by capturing 

representative cross-sectional images of each formulation with a Hitachi S-4700 scanning 
electron microscope. The samples were prepared by infiltrating the foam with a conductive 
epoxy (Epoxy Technology, Inc) prior to cross-sectioning the sample. The surface to be imaged 
was then ground and polished by standard metallurgical procedures. The images were obtained 
using a backscatter detector at magnifications that allow the entire cross-section of the structure 
to be shown in the image. The thicknesses of the structures to be analyzed were within a lOOum 
to 400pm range. The image preparation- cropping and conversion to a binary image from an 8-
bit image by Otsu thresholding- was executed with Fiji image processing and analysis software 
and the porosity, perimeter density, tortuosity and effective pore diameter calculations were 
completed by use of a previously established numerical method code in a MATLAB®-based 
computation [2, 5]. The porosity was measured by converting the images to binary and 
determining the percentage of the image that was the pore, the number of white pixels in the 
image, compared to the total number of pixels. The perimeter density was determined by an 
edge detection algorithm measuring the distance of the boundary lines of the foam-pore 
interfaces [5]. Tortuosity values were determined by generating a random starting point within 
the image, and measuring the distance that must be traveled to escape the image relative to the 
actual distance between the starting point and the image boundary. This measurement was 
repeated 1000 times to generate an average value. Due to its suitability for calculating the 
permeability of the porous foams, the Kozeny-Carman equation (1), 

*-4 a) 
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was employed where k is the permeability, ψ is the porosity, τ is the average tortuosity and s is 
the perimeter density [6, 7]. The equation was modified to better detail the data gained from the 
highly porous and anisotropic structures; the modification being that a specific area term was 
utilized rather than a particle diameter [5]. The efficiency of the capillary transport was 
determined by the equation (2) 
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where K is the normalized permeability, k is the permeability and r is the pore radius. The 
effective pore diameter was calculated by quantifying the size distribution of the pores using a 
marker controlled watershed algorithm and particle analysis. 

Results and Discussion 

The results of the solids loading tests for each component of the slurries were 
instrumental in determining the amount of solvent needed for each formulation. This is 
important, as the thickness of the layers to be produced is dependent on the thickness of the 
slurry, which is in turn dependent on the amount of solvent present in the mixture. A larger 
volume of solvent was required for samples using the same volume fraction of the 15 urn average 
diameter polymer spheres than was required for the 40um average diameter polymer spheres. 
The average diameter of the polymer spheres utilized in this experiment was obtained by particle 
size analysis [8]. Similarly, as the polymer template volume percentage increased, the amount of 
solvent required also increased. 

Varying the size of the sacrificial template spheres resulted in a vast difference in the 
resulting microstructures. As displayed in Figure 1, the 40um average diameter template (Figure 
1 a) affected an open celled foam structure with much larger pores than the foam created with the 
1$μίη average diameter template (Figure lb). The 15urn average diameter template foam image 
suggests that the surface area between the foam and the pore is greater than that of the 40um 
average diameter template foam. The differences between the structures affected by varying the 
template size are significant, as the different structures will have different critical properties that 
will allow them to be tailored to specific applications based upon their performance capabilities. 
The larger pore size foams show a higher level of interconnection within the solid phase, 
however the uniformity of the inter-particle pore network is more uniform in the foams created 
from smaller pore templates. 

Figure 1. a) Scanning electron microscopy cross-sectional image of a section of foam from a 
53% by volume 40um average diameter template precursor slurry, b) Scanning electron 
microscopy cross-sectional image of a section of foam from a 53% by volume 15um average 
diameter template precursor slurry. 
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Application Methods 
It was observed that as the spin coating velocity increased, the thickness of the resulting 

slurry layer decreased. An example of this is outlined in Figure 2, which displays the results of 
spinning a slurry mixture that is 53% by volume 40μιη average diameter template beads over a 
range of velocities between 400 revolutions per minute (rpm) and 1150rpm. It was 
experimentally determined that changing the acceleration rate had no considerable effect on the 
final thickness. The thickness of the slurry layer was determined by subtracting the height of the 
substrate from the height of the sample measured after the slurry was applied and spun. The data 
suggests that there exists a velocity threshold that must be overcome to exact a significant 
change in the resultant slurry layer thickness. There is a 120μιη difference between the slurry 
layer formed by spinning at 500rpm and 625rpm, but past 625rpm the difference between 
consecutive velocities is greatly decreased. As demonstrated in Figure 2, the spin coating 
method is ideal for reliably and easily producing uniform slurry coatings of less than 400μιη. 

400 600 800 1000 
Velocity (rpm) 

1200 

Figure 2. Plot of spin speed velocity versus slurry thickness for 
53% by volume 40μηι average diameter template material slurry 

The thicknesses of the samples that were doctor-bladed were dependent on the thickness 
of the spacer utilized for that sample. Use of this technique led to the creation of layers of foam 
structures ranging from several millimeters thick to several hundred microns thick. These results 
conclude that this method is capable of producing a wide thickness range of slurry, and therefore 
wick, layers. It is worth noting that although the doctor-blading method is capable of producing 
thin layers within the same thickness range as those produced by spin coating; the spin coated 
samples were shown to have more even, uniform layers than the doctor-bladed samples. 

Microstructure Analysis 
The results of this study demonstrate that tailoring the formulation of the slurry precursor 

by polymer sphere size and content can directly affect the porosity, effective pore diameter and 
the permeability of the porous structures as is expected. This is significant as these 
characteristics are influential in the performance of the thermal wick. By enabling control over 
these characteristics, the performance capabilities of the structure can be predicted by the 
composition of the precursor. As shown in Table I, increasing the volume fraction of the 40um 
average diameter template actually decreased the porosity of the samples. These samples also 
demonstrated a decrease in theoretical permeability with an increase in the template volume 
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fraction, which shows a direct relationship between the porosity and the permeability as dictated 
by the Kozeny-Carman equation (1). Although there is no distinct correlation between the 
effective pore diameter and the amount of template, the normalized permeability of the foams 
increased with decreasing amounts of template. The effective pore size of these foams is smaller 
than the average size of the associated polymer sphere templates due to numerous micron and 
submicron-scale pores in the material surrounding them. These smaller pores, shown in Figure 
la, are a result of incomplete inter-particle sintering of the micron scale copper particles, and are 
the main contributor to this significant decrease in effective pore diameter. It was observed 
experimentally that as the target thickness of the foam approaches the size of the template, 
changes to the formulation to affect the porosity show increasingly negligible results. This 
observation infers that the achievable level of porosity is dependent on a correlation between the 
size of the template and the targeted thickness of the foam. 

The foams created with the 15 urn average diameter template displayed an increase in the 
area fraction of pore in the final structure between the 53% template and 65% template samples, 
but the difference in porosity between the 65% template and 73% template samples was 
negligible. This suggests that for this template size, there is a threshold in which increasing the 
volume fraction of template in the precursor slurry no longer appreciably changes the resultant 
porosity. This same trend was also found in the effective pore diameter and permeability data; 
increasing the template volume percentage past 65% did not show any real change in either 
parameter. It is interesting to note that increasing the volume fraction of the 40μηι average 
diameter template spheres decreased the theoretical permeability; however increasing the volume 
fraction of the 15μπι average diameter template beads increased the theoretical permeability. 
This phenomenon is likely due to the larger surface area of the foams fabricated with the smaller 
polymer spheres. The normalized permeability of the 15μιη average diameter template bead 
samples increased with the volume fraction of pore material, which corresponds to similar 
increases in permeability and pore diameter. 

Table 1. Permeability 

Average Template Diameter (μιη) 

Template Volume Fraction 
Area Fraction of Pores 
Effective Pore Diameter (μπι) 

Permeability (μηι2) 

1 Normalized Permeability 

40 

0.53 
0.654 
21.6 

15.7 

0.135 

0.65 
0.599 
17.0 

9.41 

0.130 

0.73 
0.559 
21.8 

7.63 

0.0642 

15 

0.53 
0.613 
10.4 

6.03 

0.223 

0.65 
0.698 
11.9 

14.1 

0.398 

0.73 
0.696 
11.5 

15.0 

0.454 

Comparison of the data sets from both template sizes lead to the conclusion that the 
template size is influential in dictating the trends that the structural characteristics follow. There 
is a larger discrepancy between the template size and the effective pore diameter seen with the 
40μηι average diameter template, as the large space holder template increases the inter-particle 
spaces within the sintered powder. The effective pore diameter of the 15μπι average diameter 
template was not as drastically affected, likely due to the decreased amount of space within the 
inter-particle sintering, and also that the size distribution between the inter-particle spacing and 
the template size is much narrower. It is interesting to note that the permeability and normalized 
permeability values for the larger template size foams decreases with increasing amounts of 
template, but the opposite is true for the smaller template size foams. This observation suggests 
that in these size regimes, pore size has a greater effect on permeability than overall porosity. 
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Conclusions 
This study successfully demonstrated that by creating an adaptable process, thermal wick 

samples possessing a set of desirable structural features can be consistently and easily produced. 
The process involved the creation of a set of distinct precursor slurry formulations that could 
easily be altered to affect microstructural changes. By changing the formulation of the precursor 
slurry suspension, the pore size and pore content of thermal wick structures could be predicted 
and achieved. Variable application processes allowed for the formation of a precise slurry 
thickness over a wide range of measurement. A non-destructive method of quantifying key 
structural features was successfully implemented to predict the performance parameters of the 
open celled copper foam. Future work can be done to improve this process by evaluating the 
structural characteristics of the produced copper thermal wick systems by other, non-two-
dimensional methods, such as tomography. Statistical data detailing the spatial distribution of 
the pores would greatly assist in further characterizing the permeability of the thermal wicks, as 
well as leading to a method to dictate how thick a formulation must be made to achieve a certain 
porosity, as was described previously. Data correlating the structural parameters determined by 
this process to actual thermal processing is necessary to validate the trends of the different 
formulations with respect to the evaporative cooling efficiency and overall thermal performance. 
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Abstract 
Conventional smelting of copper - cobalt - iron sulphide concentrates result in the oxidation 
of cobalt and iron, which are subsequently lost into the slag. The emission of SO2 bearing gas 
from smelting causes serious health and environmental problems. In this investigation, three 
different types of copper-cobalt-iron sulphide concentrates, derived from froth flotation, 
were investigated., the concentrates, each containing more than 40 wt % percent gangue 
material, were directly reduced in the presence of lime and carbon in the temperature range of 
1073 K - 1573 K, for the production of an alloy containing copper, cobalt and iron. We 
demonstrate the basic principles of process physical chemistry for the recovery of alloy by 
carrying out a detailed process analysis utilising the predictions from thermodynamic 
equilibrium and the results from the kinetics of reduction reaction. The effect of temperature 
on the reduction kinetics and alloy formation were determined and analyzed in detail. 

Key words: CoFe alloy, reduction, S02, process chemistry 

Introduction 

Nearly 80 % of the copper produced in the world originates from the sulphide mineral 
concentrates [1], roasting and smelting are the common methods employed during metal 
recovery from such concentrates. In Zambia, copper sulphides minerals are predominately 
associated with cobalt and iron sulphide minerals. Most pyrite minerals contain significant 
amount of cobalt as the ionic radius of Fe2+ (0.076 nm) and Co2+ (0.074 nm) are very close to 
each other [2], which may permit solid solubility in sulphide mineral matrix. 

Smelting of copper - cobalt - iron sulphide concentrates result in sulphur dioxide emission 
and the loss of cobalt and iron into the slag via oxidation. Most of the smelting slag in 
Zambia contains up to 1.5 weight % and 25 weight % cobalt and iron, respectively. Cobalt is 
a valuable metal which is used in high temperature applications, lithium batteries, and high-
temperature magnets. According to London Metal Exchange, the spot price of cobalt was 
$30,000 per tonne, compared with the $7130 per tonne price for copper and $555/tonne for 
steel. Most copper-cobalt smelter slag is processed in Zambia for metal recovery at great cost 
by remelting the quenched smelter slag and reprocessing. 

In Zambia, the Cu /Co -10, since cobalt is nearly 5 times dearer than copper, losing 
significant quantities of cobalt into slag is equivalent to the loss of 50 weight % of copper 
into the slag phase. Froth flotation concentrates containing up to 2 weight % cobalt are 
treated by roasting, leaching, and electro-winning of copper and cobalt. The major 
disadvantage of roasting of sulphide concentrates with high gangue concentration is that the 
S02 bearing gas produced is too dilute for economic acid or elemental sulphur production. 
Release of such dilute gases into the atmosphere is unacceptable for environment and 
detrimental for animal and plant life. The SO2 is also a green house gas with 3-4 times more 
radiation absorption properties than CO2. 

Mineral sulphides can be directly reduced in the presence of a basic oxide and reducing agent 
[3-9]. The presence of a basic oxide; e.g. lime is essential as it acts as an exchange medium 
for S2" ions in the mineral concentrates, shown by MS, in equation la. Once the exchange 
reaction la, transforms a sulphide into an oxide, the reduction reaction lb may then yield 
metal and CO gas, depending on the magnitude of kinetic barriers. 
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MS(sJ) + CaO(s) = MO(s,l) + CaS(s) la 
MO(sJ) + C(s) = M(sJ) + CO(g) lb 

The overall reaction 1c is the sum of reactions la and lb: 

MS(sJ) + CaO(s) + C(s) = A/(J,/) + CÖS(J) + CO(g) lc. 

Experimental Procedure 

Nchanga, Nkana and Baluba froth flotation concentrates from Zambia were used in this 
investigation and mineralogical composition is shown in table 1. The reduction experiments 
were carried out isothermafly in order to analyse the overall kinetics of reduction reaction lc 
as a function of temperature. The generic experimental set up is discussed in detail elsewhere 
[3], which was adopted in this study, except in this investigation the thermogravimetric 
balance was a commercial Saritorius microbalance with the sensitivity in the sub milligram 
range. The reaction tube was purged with argon gas at 0.5 litres (minute) through out the 
experiment for maintaining an inert atmosphere and sweeping off the product gas mixture, so 
that the equilibrium in eq.lc can be shifted in the forward direction. 

Table I - Mineralogical composition of froth flotation concentrates in weight % 

Nchanga 
Nkana 
Baluba 

Cu2S 
itb Ö.7 
0.5 

CuFeSd 
5.*o 
8.60 
54,80 

Cu5FeS4 
11.08 
5.00 
0.6 

C11C02S4 
0.2 
2.20 
1.94 

FeS2 
4.93 
10.10 
15.49 

Si02 
34.53 
19.00 
9.13 

Other 
17.84 
54.4 
17.54 

The froth flotation concentrates were mixed in stoichiometric ratios with lime and carbon by 
following equation 1(c). Since the Zambian concentrates contain up to 2 weight % cobalt, in 
order to fully understand the behaviour of cobalt during carbothermic reduction, we also 
designed experiments in which we mixed an additional 10 weight % CoO in the 
concentrate/hme/carbon mixture for tracking the elemental distribution between the slag 
forming gangue and the alloy phase during the course of reduction reaction. This is an 
important approach for the overall analysis of loss of cobalt into the gangue minerals, under 
reducing condition. 

All reacted samples were analysed by optical microscopy, and X-ray powder diffraction and 
scanning electron microscopy techniques. A portion of the reacted material was ground in a 
mortar and pestle for X-ray powder diffraction which was carried out using the Philips X'pert 
machine with Cu Ka (0.15417 nm) radiation, at an acceleration voltage of 40 KV. For 
microscopic analysis, a portion of the pellet was mounted in resin and left for 12 hours to 
cure, followed by grinding and polishing to 1 μπι, for cross-sectional examination of phases 
present using optical and scanning electron microscopic (SEM) analysis. For SEM, the 
polished suriace was coated with 5 nm of platinum for minimizing the charging of the 
prepared surface during analysis; without a platinum coating the surface may charge and 
adversely affect the image quality. The energy dispersive X-ray (EDX) was carried out on 
several areas for obtaining a semi-quantitative chemical analysis of phases, which can be then 
utilized to supplement the phase analysis data from X-ray powder diffraction. The EDX data 
can also be transformed into an elemental map of compositions, showing the dissemination of 
each element over the cross-section under examination. 

Results and Discussion 

The percent reduction (%R) was calculated by taking the ratio of the apparent or observed 
reduction in weight at time "t" due to the loss of CO gas, with stoichiometric weight loss via 
reaction lc and the resulting equation is given in equation 2(a) 
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n/o j „■ . .· Weight loss at any time 1ΛΛ VoKQduction at any time = ̂ -Ξ—— ~ττΊ—xlOO 2(a); and Theoretical weight loss 
. , . . , %S 28(RMMofCO) TI/ . . - _ 

Theoretical weight loss x — x Weight of Concentrate 
5 100% 32 (RMMS) 

Low Temperature Reduction 
-2(b) 

Thermal gravimetric analysis (TGA) was carried out between 1073 K and 1323 K in order to 
study the kinetics of carbothermic reduction. The weight loses were recorded every 10 
seconds at the reduction temperature. The X-ray diffraction analysis reveals that metallization 
was achieved by determining and comparing the relative intensities of diffraction peaks for 
copper, cobalt and iron metallic phases. No peaks for starting mineral sulphide concentrates 
were identified in the fully reacted samples, which was characterized by defining the 
cessation of weight loss due to reaction lc.The completion of reaction lc was characterized 
by examining the X-ray diffraction peaks for three different types of mineral concentrates 
reduced at 1273 K. In the powder diffraction patterns in Figures 3a to 3c, intense peaks for 
CaS, pure S1O2 and metallic phases, and unreacted lime were observed. 
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Figure 1 - The XRD powder pattern for the Nchanga, Nkana and Baluba concentrates 
reduced in the presence of lime and carbon at 1273 K (a) S:CaO:C = 1:2:2 (b) S:CaO:C = 
1:2:1 
Effect of Temperature. Lime fCaO) and Carbon Concentration 

The carbothermic reduction of mineral concentrates in the presence of lime, is an 
endothermic process and is therefore dependent on the temperature. For a fixed S/CaO/C = 
1:1.5:4, the reduction reactions completed within 30 minutes at 1323 K, however by 
comparison the reduction reactions did not reach completion even after 3 hours at 1073 K. 
The total percentage reduction (%R) was higher at 1273 K than at 1173 K or 1073 K, as 
shown in figure 2(a). As the temperature increases, the rate of carbon monoxide evolution 
increases due to the reaction between metal oxide and carbon, according to equation 1(c). The 
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unreacted mineral sulphides were not identified in the XRD pattern for the mineral 
concentrates reacted at and above 1223 K. However, unreacted mineral sulphides (Cu2S, 
CusFeS^ were identified for the experiments carried out for 3 hours at 1073 K. 

In order to understand the effect of lime during carbothermic reduction of mineral 
concentrates, the carbon to mineral concentrate ratio was fixed. The weight losses at any 
time were higher with increase in lime concentration, as shown in figure 2(b). Since the 
exchange reaction depends on the contact surface area of lime with the sulphide mineral, by 
increasing the ratio of CaO/sulphide the apparent rate of exchange reaction might increase, 
allowing a larger proportion of oxides of Cu, Fe, and Co to form. The Cu, Fe and Co oxides 
react with carbon and produces carbon monoxide, according to equation lb. When the 
mineral sulphide concentrates were mixed with lime and carbon in ratios of 
8:€αΟ:0~1:1.5:4, 1:2:4 and 1:3:4, no unreacted mineral sulphides were identified in the 

R)wder diffraction patterns of the reaction products after 2 hours of reaction at 1273 K. 
owever, when the reduction temperature was lowerer to 1173K and for a mixture 

containing S:CaO:C=l: 1.5:4, the Cu2S and Cu5FeS4 were identified as unreacted phases, 
which were found to be absent at S:CaO:C=l:3:4 mixture. This comparative observation 
suggests that both the ratios of lime .sulphide and carbon:sulphide concentrates are critical for 
controlling the overall yield of metal values at a given temperature. These observations might 
be consistent with the chemically controlled and diffusion controlled rate steps, reported 
elsewhere [10], Mineral concentrates contain gangue materials, as shown in table 1, which 
reduces the contact area between lime and mineralsulnhides. It is therefore important to add 
lime at least 50 % in excess of the stoichiometric requirement for achieving near completion 
reaction lc. 

The percent reduction (%R) was higher for stoichiometric addition of carbon, S:CaO:C = 
1:2:1 than at mixtures of S:CaO:C « 1:2:2 and S:CaO:C = 1:2:4. At lower stoichiometric ratio 
of C: CaO both the SO2 and CO2 gases may contribute to overall weight loss, which may 
then exaggerate the maximum expected reduction via reaction lc. The XRD analysis in figure 
1(b) shows that metallization was not complete due to the presence of calcium ferrite in the 
reacted sample. At lower concentrations of carbon, the propensity for S02 formation 
increases according to equations 3. Any calcium sulphate which may form will decompose 
to yield lime and SO2 through reduction calcination [11]. S02 is heavier than CO causing 
higher weight loss. 

3CuO(s) + CaS(s)«3Cu(s) + CaO(s) + S02(g) 3 

The overall % reduction were similar at 1273 K for S:CaO:C = 1:2:2 or = 1:2:4, as shown in 
figure 3(a). However, the % reduction at S:CaO:C=l:2:4 were higher than at S:CaO:C = 
1:2:2 at 1173 K as can be seen in figure 3(b). In order to achieve near 100% conversion of 
metal sulphide into metal, it is essential to increase the contact surface area for carbon 
reduction which means the ratio of carbon to metal sulphide must be optimised. 
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Figure 2- (a) Effect of temperature at S:CaO:C=l:1.5:4 and (b) Effect of changing CaO 
concentration at 1273 K and during carbothermic reduction of Nchanga mineral concentrate 
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Figure 3 - Effect of changing carbon concentrations during carbothermic reduction of 
Nchanga mineral concentrates (a) at 1173 K and (b) at 1273 K 

High Temperature Reduction at 1573 K 

Thermal gravimetric analysis was not carried out at high temperatures due to the limitation on 
the thermogravimetric balance. For the analysis of reduction reactions at 1573K, the mineral 
concentrates mixed with lime and carbon, were heated at 1573 K in an elevating hearth 
furnace. The initial and final weights of the samples were taken before and after the 
experiment, in order to determine the overall weight loss. Mineral concentrates mixed with 
lime and carbon were heated from room temperature to 1573 K and held at this temperature 
for 3 hours, after which the furnace was turned off and the crucible containing the sample 
was taken out of the furnace and cooled in air. Tn another experiment, the mineral 
concentrates were first isothermally reduced at 1273 K for 2 hour, followed by reheating at 
1573 K for 3 hours in order to see further phase changes which may occur above the melting 
point of copper rich alloy. 

When Nchanga, Nkana and Baluba mineral concentrates were reduced for 2 hours at 1273 K, 
a portion of the reacted sample was analysed by X-ray diffraction, cobalt and excess lime 
were identified from XRD patterns, as shown in figure 4a. When the remaining samples 
which were reduced at 1273 K, were heated and held at 1573 K for 3 hours, cobalt was not 
identified in the XRD patterns in all samples. In addition, the excess lime was completely 
absent from the samples after heating at 1573 K. This was due to the formation of calcium 
silicate compounds, as shown in figure 4b. The absence of cobalt metal peaks from the XRD 
patterns can be explained as a result of the formation of CoFe alloy phase in figure 4b. 
Formation of CoFe phase is possible because of the mutual solubilities of elemental metals 
increase with temperature. Iron and cobalt have high melting points, but they exhibit 
extensive solid solubility in each other [12, 13]. 

Copper and cobalt sulphides in figure 4(b) were identified in the Nchanga and Nkana samples 
after reheating the sample at 1573 K. The reason that residual copper/cobalt sulphides are 
present in Figures 4b, might appear to be a product of internal sulphide phase formation via 
metallic copper and cobalt in the presence of a dicalcium silicate slag. The Ca2SiC>4 forms as 
a result of CaS reaction with the CaO.Si02 which then releases the S2" ions leading to matte 
formation (Co9S8 and Cu2S). In the presence of more than the stoichiometric amount of lime 
and carbon, the sulphide matte formation does not occur because the excess lime participates 
in calcium silicate formation as well as in the sulphide exchange reaction la. 
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Figure 4 - Carbothermic reduction of mineral concentrates (a) reduced at 1273 K, (b) 
reduced samples reheated to 1573 K for 2 hours (S:CaO:C= 1:1.8:2.2) 

Metal / Allov Formation during Carbothermic Reduction 

The SEM - EDX analysis was carried out in order to confirm the presence of phases obtained 
during XRD analysis and the results are shown in table 2. Since the unit cell dimensions of γ-
iron [0.3647 nm] is comparable with that of the high-temperature allotrope of cobalt [0.3544 
nm], we expect extensive mutual solubility in liquid and the solid solutions, which is why the 
alloys of Fe and Co form CoFe. The metallic copper similarly shows reasonably high 
solubility in both in γ-iron and cobalt. The EDX analysis confirms the presence of this alloy 
as shown in table 2. 

The metallic phases in the back-scattered electron image in SEM appear bright . Semi 
quantitative results in all analysed areas of the reacted samples are compared in table 2, 
which correspond well with the predictions from the binary Co-Fe, Cu-Fe, and Co-Cu phase 
diagrams. The maximum solubility of copper in cobalt is about 20 weight % at 1643 K, 
whereas that of cobalt in copper is nearly 10 weight % at 1385 K [12-14]. Maximum 
solubility of iron in copper and copper in iron is 4.1 % and 15 weight %, respectively [14]. 
The results in table 2 snow the maximum solubility of iron in copper and copper and iron 
are 1,79 weight % and 5.13 weight %, respectively. From the semi quantitative analysis data 
in table 2, it is possible to produce copper over 96 weight % purity in a single step. Elemental 
mapping in figure 5 further shows that the reduced metals (copper, cobalt and iron ) have 
limited solubility in each other at 1273 K. Figure 5 also shows that sulphur was tied up with 
calcium which was identified as CaS during X-ray diffraction analysis. Mass balance in 
spectrum 2 of table 2 further shows that there is no sulphur loss during metal / alloy 
production. 

The EDX analysis of the sample, reduced at 1273 K and then reheated at 1573 K, showed the 
areas with 43.78 weight % Fe, 38.44% Co and 12. 58 weight % Cu. Elemental mapping in 
figure 6 shows that Co distributed with Fe because of higher solubility between these 
elements. 
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Table 2- EDX Semi quantitative results for some selected areas, Nchanga 
(S:Ca0:O=l:1.8:1.8) reduced at 1273 K 

Area 
A 
B 
C 

D 

E 
F 
G 
H*(Ni = 2.25%) 
J 
Spectrum 1 

Cu 
11.49 
7.01 
5.16 

5.13 

0.52 
93.49 
0.26 
91.78 
96.36 
13.62 

Co 
81.66 
89.94 
57 

-
-
0.32 
-
-
0.95 
2.41 

Fe 
2.77 
-
22.49 

93.46 

0.39 
2.49 
0.63 
1.68 
1.79 
4.56 

Ca 
0.9 
0.9 
4.09 

1.38 

-
-
-
0.16 
0.26 
20.48 

S 
0.86 
0.66 
3.49 

0.74 

-
0.44 
-
0.53 
0.44 
13.62 

O 
1.63 
1.63 
3.781 

54.91 
3.49 
56.63 
1.82 
-
31.65 

Si | 

44.32 
-
44.40 | 
1.18 
-
10.21 | 

Figure 5 - Backscattered elections (BSE) image for the Nchanga concentrate which was 
reduced at 1273 K with 10% CoO added to the mineral concentrates before reduction in the 

mixture (S:CaO:C=l:1.8:1.8). (A) sample area investigated, (B) Ca distribution, (C) C 
distribution, (D) Co distribution, (E) Fe distribution, (F) Cu distribution. 
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Figure 6 - Elemental mapping showing distribution of elements for Nchanga concentrate 
(S:Ca0:Ol:1.8:1.8), reduced at 1273 K and reheated at 1573 K, with 10% CoO added to 
the mineral concentrates before reduction in the mixture (A) sample area investigated under 
(A) BSE imaging, (B) SEM imaging. 

Conclusions 

• The carbothermic reduction of sulphide mineral concentrates in the presence of lime 
at different S:CaO:C ratios were investigated in the temperature range 1073 K - 1573 
K . The percentage reductions from 1073 K to 1323 K were found to be dependent on 
temperature. Metallization was incomplete even after 3 hours at 1073 K which 
reached completion at 1323K within 30 minutes.. 

• The process of metallization depends on S:CaO and S:C ratios, the percentage 
reduction was higher at S:CaO:C — 1:3:4 than at S:CaO:C= 1:1.5:4, as shown in figure 
2(b). The metallization was incomplete at stoichiometric addition of carbon 
(SiCaOC^l :2:1) due to formation calcium ferrite, as shown in figures 1(a) and 1(b). 

• Pure silica and excess lime were found in all samples reacted at temperatures below 
1323 K but the presence of excess lime yielded complex calcium silicate for the 
experiments carried out at 1573 K. 

» Both the XRD and EDX analyses confirmed the presence of Cu, Co and Fe phases at 
temperatures below 1323 K, while the Cu-rich and Co-Fe phases formed at 1573 K, as 
shown in the elemental maps in figures 5 and 6. 

• The EDX analysis shows that the composition of alloys formed during carbothermic 
reduction of mineral concentrates agrees well with the binary metallic phase 
equilibria. Some analysed areas using EDX analysis shows that the copper with a 
purity of over 96 weight % was produced in a single step during carbothermic 
reduction of mineral concentrates in the presence of lime. 
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Abstract 

This paper presents new theoretical and experimental data on possible mechanisms for the 
formation of micro- and nanophases on the surfaces of sulfide minerals under the effect of high-
power nanosecond electromagnetic pulses (HPEMP). The gas outflow from nanosecond 
breakdown channels of sulfide minerals under the effect of HPEMP is considered, with 
allowance for the condensation of iron vapors. The condensation of matter in an outflowing jet is 
shown to be an effective mechanism for structural and chemical transformations of sulfide 
surfaces. It is established that electrode potential of pyrrhotite is moved together in the negative 
party owing to formation of iron oxides (hydroxides) and iron sulfates by HPEMP, that provides 
decrease of xanthate sorption and reduction flotation extraction of this sulfide, whereas electrode 
potential of pentlandite gets more positive values at the expense of additional formation of 
element sulfur, that causes increase of xanthate sorption and, as a consequence, increase of 
nickel sulfide extraction. 

Introduction 

The prospects for applying pulsed power technologies in the mineral processing in order to 
increase the contrast between the floatation properties of raw minerals dictates the need to 
perform special studies of the effect of high-power nanosecond electromagnetic pulses on the 
structural state, phase composition, and physicochemical properties of surfaces of sulfide 
minerals as the principle carriers of precious metals [1-3]. 

X-ray analysis of pyrite specimens on a Rigaku D/MAX 2200 - diffractometer showed that weak 
peaks of hematite Fe203 (d=2.69 and 2.52 A) are formed on X-ray photographs of specimens 
under the nonthermal [4, 5] action of HPEMP [6]. This indicates a substantial local temperature 
rise at the points of contact between mineral particles and in regions of inhomogeneity on their 
surfaces [7-9]. Such an effect was observed during the radiation-thermal processing of pyrite in 
[10]: the phase transition of FeS2 pyrite into Fe203 magnetic hematite occurred under the effect 
of an accelerated electron flow. 

The morphology, sizes, and elemental composition of neoformations on sulfide surfaces have 
been studied by scanning electron microscopy (SEM, LEO 1420 VP), X-ray spectral 
microanalysis (XRMA, EDS, INCA Oxford 350 X-ray microanalysis system), and scanning 
probe microscopy (AFM, INTEGRA Prima, NT-MDT). The results of SEM-XRMA 
investigations of the surface structure of pyrite, arsenopyrite, pyrrotine, and pentlandite indicate 
the formation of defects (breakdown channels and microcracks) and the forced formation of new 
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micro- and nanophases on sulfide surfaces, due to electric pulse processing, in addition to 
intensity peaks corresponding to Fe, Ni, As, and S, a pronounced peak corresponding to oxygen 
has been traced in the X-ray spectrum of a surface from the region of localization of 
neoformations, possibly indicating the formation of autonomous and nonautonomous phases, 
presumably oxides (hydroxides) of iron and anhydrous sulfides of iron (II/III) [1-3, 6], 

This work presents new theoretical and experimental data on possible mechanisms for the 
formation of micro- and nanophases on the surfaces of sulfide minerals under the effect of high-
voltage nanosecond pulses. A model of heated gas outflow from the nanosecond breakdown 
channels of sulfide minerals (pyrite) under the action of HPEMP was considered in [11]. It was 
shown that the gas outflow from such a channel can be an additional damaging factor in the 
electric pulse disintegration of finely dispersed mineral complexes. The possible condensation of 
vapors of matter flowing out of a breakdown channel was not, however, taken into account in 
considering an outflow of evaporated matter from a breakdown channel in pyrite. At the same 
time, when a jet flows out of a breakdown channel into air of normal density, it expands, cools, 
and the conditions for vapor condensation are met. 

Condensation of Matter during Gas Outflow from Nanosecond Breakdown Channels of 
Sulfide Minerals 

This work considers gas outflow from a channel with allowance for iron vapor condensation. 
Calculating the complete set of equations for the nonequilibrium kinetics of formation and 
growth of iron clusters and estimating the condensed iron particle distribution over size in the 
process of jet expansion require substantial computational resources [11]. The concentration of 
nuclei of critical size was therefore calculated using the classical evaporation-condensation 
model [12]. According to [12], the rate of formation of these particles is 

dncr i 2 ί ^πστΐ. /Λ. 
—— = Lnexp< — k (1) 
at ° Ί 3 kT r v ' 

where n „ is the concentration of particle of critical size, r r = is the critical radius, n 
cr kTnb\nS 

is the concentration of iron atoms in a gas phase, nb is the concentration of iron atoms in a gas 
phase, m is the iron atom mass, σ is the surface energy of the condensed phase, S = n/n0 is the 
oversaturation at the given temperature, n0=nbQxp(-H/kT) is the equilibrium vapor 
concentration, and H is the sublimation energy per one atom. The energy released during 
condensation is transferred to the ambient gas. The particles of condensed matter are transported 
together with the gas flow. The thermodynamic properties of iron are taken from [13]. As for the 
rest, the problem of gas outflow was solved according to the scheme we used in [11]. 

Evaporation produces an outflow of gas from the breakdown channel, the gas being a mixture of 
monoatomic iron and sulfur. The radius of the breakdown channel is 4 urn, and its length is 
160 μηι; the initial gas density is 0.3 * 103 kg/m3, and the initial density of the gas energy in the 
channel is 10?J/kg. The dimensions of the calculation region are 41 χ 160 points for the 
breakdown channel (the analytical grid) and 205 χ 321 points beyond the channel (a grid that 
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narrows as it approaches the channel opening). Under normal conditions, the outflow is into the 
air. The density of the condensed matter in each cell was calculated as ncrm/V, where 
V - InrkrlSz is the cell volume. 

The jet flowing out of the channel first expands toward the low-density region, carrying and 
dispersing the air in front of it. During -100 ns, the profiles of the channel matter density and 
those of the total density (including the air involved in the motion) are almost identical. The jet 
then starts to decelerate and a shock wave of air is formed in front of it. At / = 300 ns, all of the 
channel matter is behind the jet front, as can be seen from a comparison of the total density 
profile and the profile of the channel matter density (Figure 1). 
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Figure 1. Density of the matter flowing out of a breakdown channel (a) and the total density 
with allowance for air (b). A shock wave propagates in the air while the gas flowing out of the 
channel remains behind its front. The coordinate of the channel opening is z = 0.00016 m (as 
measured from the back channel wall). Here and below, only a part of the calculation region 
beyond the breakdown channel is shown. 

Condensation begins predominantly in the rarefaction region behind the jet front. When all of the 
channel matter is behind the front and the jets starts to defragment, the process of condensation 
then covers the entire jet. It can be seen from the temperature distribution (Figure 2a; maximum 
temperature >5000 K) and density of the condensed matter (Figure 2b) in the jet region at 
t = 0.8 us that condensation is maximum in the minimum temperature range. In the region 
where the temperature is less than 1000 K, almost all of the iron vapors are condensed. The 
heavy white line limits the region with the channel matter. 

As the jet disintegrates, it undergoes defragmentation due to local vortices. In Figure 3, which 
presents the distribution of the condensed vapor density, we can see the motion of the fragments 
left within the calculation region at t = 2-8 μβ. The degree of condensation at this stage 
approaches 1 everywhere except the near-axis region, which the residual gas flowing out of the 
breakdown channel continues to enter. The characteristic size of the fragments is 0.01-0.1 mm, 
and the characteristic density of the condensed vapors in these fragments is 0.01-0.02 kg m-3. 
The sizes of the condensed particles can be determined as follows: if each fragment condenses 
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into an isolated drop, the characteristic size of these drops has to be 0.1-3 μιη. The radius of the 
positioning of the iron condensate left near the mineral surface is no larger than 0.3 mm 
(Figure 3). This value can be considered an estimate of the size of the region around the 
breakdown channel opening where condensed iron particles precipitate. Since the calculations 
were performed in a two-dimensional axisymmetric geometry rather than in a three-dimensional 
geometry, the obtained estimates are qualitative. We should nevertheless note that they are in 
agreement with the experimental studies. 
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Figure 2. Temperature distribution (a) and density of the condensed matter (b). The high-
temperature region (>12000 K) near the channel opening is not shown. 
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Figure 3. Distribution of condensed matter at the late stage of outflow from the channel. The 
color scale is the same as in Figure 2. For the sake of qualitative comparison, the density 
corresponding to the maximum brightness (on the order of 0.02 kg m"3) is slightly different for 
these images. 
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Experimental 

Structural and Chemical Transformations of the Sulfide Mineral Surfaces 

Three types of neoformations corresponding to the processes of structural and chemical 
transformations of the sulfide mineral surfaces due to the HEMP effect were revealed on the 
sulfide surfaces by means of analytical electron microscopy (Figure 4). 
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nm 

■(d) 

Figure 4. Neoformations on the surface of chalcopyrite (a), (b) and pyrrotine (c), (d), formed 
under the effect of nanosecond HPEMP: (a) extended (-100 urn) coatings and (b) spherical 
formation (white ball); (c) thin film with a thickness of less than 100 nm. 
Scale bars are 100 urn (a), 10 urn (b); scanning fields are 5 χ 5 um (c) and Ι χ ΐ μ η ι (d); 
height Z< 100 nm; SEM (a), (b), AFM (c), (d) 

The first of these form dense, extended (-100 urn) coatings that are fractured and porous, with 
local swells of beadlike and irregular spherical shapes that, in some cases, decorate the 
breakdown channel openings (Figure 4a). The second phase, represented by spherical formations 
with sizes of 3 urn and lower (Figure 4b), is found mainly near the breakdown regions, though in 
some cases it is observed at some distance from the destructive zones. Superthin (low 
dimensional) films of the third phase (Figure 4c and 4d), which hypothetically consist of 
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anhydrous sulfides of iron (H/ITÍ) and can be diagnosed by scanning probe microscopy (SPM-
AFM), uniformly cover the sulfide surface mainly in the regions where the craters and erosion 
holes of breakdown channels and microcracks are localized. 

Electrochemical and Flotation Properties of Pentlandite and Pvrrhotite 

Investigations of change of physical-chemical properties of sulfide minerals, depending on 
conditions and parameters of electromagnetic pulse processing, have been conducted on samples 
of pyrrhotite Fei.xS and pentlandite (Fe,Ni)9S8 extracted from copper-nickel pyrrhotite-bearing 
ore of Norilsk Industrial Area. 

Electrode potential of minerals has been determined by method of potentiometric titration with 
the simultaneous control of mineral potential and pH. Working electrodes have been made of 
clean pyrrhotite and pentlandite. A comparison electrode was silver-chloride sated electrode. pH-
value has been changed by submission of a lime solution, interval of pH was 5.5-11.0. pH has 
been determined through the pH-meter (Multitest IPL-103). The dependence of electrode 
minerals potential from pH has been investigated previously for the raw pyrrhotite and 
pentlandite samples, then the minerals have been subjected to electromagnetic pulse processing 
and the measurements have been spent repeatedly. The root-mean-square mistake of 
measurements was 1.5-2 %. 

In Figure 5 the experimental data about the effect by HPEMP on electrochemical properties 
(electrode potential) of pyrrhotite and pentlandite are submitted, according to which electrode 
potential of pyrrhotite is moved together in the negative party at pulse processing (103 pulses) 
(Figure 5a). The maximal difference of electrode potential meanings before and under processing 
(A(pmax) equal to 73 mV in alkaline environment at pH 10. Electrode potential of pentlandite gets 
more positive values at processing (103 pulses) at pH 5.5-8.7 (Figure 5b). In a range pH from 8.7 
to 11 electrode potential of pentlandite processed HPEMP is a little bit reduced (on 10 mV). 

(a) -(b) 
Figure 5. The effect of HPEMP on electrode potential of pyrrhotite (a) and pentlandite (b), 
white points - HPEMP-treatment; black points - without treatment 

As electrode potential of a mineral surface determines substantially an energetic state of a 
surface and it sorption properties, so the effect by HPEMP on potassium butyl xanthate (BX) 
sorption on the surface of researched minerals has been investigated. Minimal sorption of BX 
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(decrease on 17 %) on pyrrhotite surface has been found out at 10 pulses (Figure 6a). Tt will be 
coordinated to the data about the effect by HPEMP on electrode potential of pyrrhotite: sharp 
shift of electrode potential of pyrrhotite in negative meanings area (the Figure 5a) results in 
decrease of anionic collector sorption on a mineral. The maximum of BX sorption on pentlandite 
has been found out at 103 pulses (Figure 6b). 
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(a) .(b) 
Figure 6. The effect of HPEMP-treatment on BX sorption on pyrrhotite (a) and pentlandite (b) 

Thus, it is established, that electrode potential of pyrrhotite is moved together in the negative 
party owing to formation of iron oxides (hydroxides) and iron sulfates by HPEMP (103 pulses), 
that provides decrease of xanthate sorption and reduction flotation extraction of this sulfide 
(Figure 6), whereas electrode potential of pentlandite gets more positive values at the expense of 
additional formation of element sulfur, that causes increase of xanthate sorption and, as a 
consequence, increase of nickel sulfide extraction. 

N, pulse 

(a) (b) 
Figure 7. The effect of HPEMP on floatability of pentlandite and pyrrhotite with BX alone 
(a) and with DMDC + BX combination (b) at pH 10.5 

Flotation activity of pyrrhotite with BX changes nonlinearly at increase of pulses number. In the 
field of low intensity of the pulse effect (103 pulses), decrease of mineral notability is observing 
(Figure 7a). Floatability of pyrrhotite rises with increase of number of impulses, owing to 
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elevation of amount of elementar)' sulfur on its surface. The maximal output of pentlandite is 
reached at 103 pulses (Figure 7a) owing to elevation of amount of elementary sulfur on its 
surface and increases of electrode sulfide potential. The preliminary electropulse treatment of 
pyrrhotite and pentlandite and introduction sodium dimethyldithiocarbamate (DMDC) at 
flotation (Figure 7b) results in increase of selectivity of flotation separation of minerals (Δε =35 
% without processing by HPEMP, Δε « 55 % at 103 pulses). 

Summary 

lilis work considers only the process of iron condensation, while that of sulfur was not analyzed. 
in the rarefaction region where density and temperature decline drastically, sulfur condensation 
is abo possible. In addition, reactions between sulfur and iron are also possible in both the 
gaseous and the condensed state, this being accompanied by the formation of different 
compounds (equilibrium and nonequilibrium), along with the physical condensation 
(precipitation) of sulfur on iron particles. Iron particles can interact with atmospheric oxygen 
only at the outer boundary of the jet or after the jet decelerates, disintegrates, and mixes with the 
air, i.e., at f > 1 μ§> Taking the extreme thermodynamic nonequilibrium of the conditions of the 
electric pulse action into account, a great number of intermediate oxide phases with different 
compositions (and probably chalcogenide semiconductor glasses as well [14]) can be formed 
during the oxidation of iron-containing sulfides [1-3]. 

The effect of consecutive oxidation of pyrrhotite surface with formation of iron oxides 
(hydroxides) and iron sulfates has been established by the electromagnetic pulse effect, whereas 
the formation of element sulfur has been observed on pentlandite, that provides contrast of 
electrochemical, sorption and flotation properties of minerals. 
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Abstract 

There is an expanding interest in synthesizing high quality magnetic nanoparticles, most notably 
for biomedical applications. Different processing routes have been reported for the synthesis of 
magnetite and maghemite. However, some ambiguity remains on their precise chemistry, 
intermediates, and final products, due to the structural similarity of maghemite and magnetite, 
and the relative ease of redox transitions during synthesis. Here we present the results of TEM, 
x-ray and electron diffraction, and SQUID studies aimed at characterizing the products from two 
different reaction systems, thereby clarifying the reaction chemistry. The first system hydrolyzed 
aqueous FeCh and FeCb chlorides with ammonia in a microfluidic reactor at ambient 
temperature; although the reaction product displayed a uniform distribution, it included non-
magnetic goethite and lepidocrocite. If the aqueous solutions contained dissolved oxygen, there 
appeared to be extensive oxidation of Fe(II). The second system thermally decomposed iron 
(III) acetylacetonate in ether. In prior studies, oleylamine has been reported to serve as both a 
reducing agent and capping ligand to control particle characteristics; however, our studies 
revealed little reduction, with maghemite dominating the reaction products. 

Introduction 

Magnetite and maghemite nanoparticles are commonly used in ferrofluids, in medical 
applications, and in drug delivery. Superparamagnetic properties, along with low cytotoxicity, 
colloid stability and bioactive molecule conjugation capability, make these nanomagnets ideal 
for both in-vitro and in-vivo biomedical applications [1]. One of the major constraints on 
widespread adoption of nanoparticles for these applications is the amount needed. Typical batch 
synthesis methods produce polydispersed nanoparticles, which require further size selection 
procedures to isolate the monodisperse nanoparticle population needed for many applications. In 
order to maximize the yield of usable particles from a synthesis operation, the reaction 
conditions must be closely controlled. This requires full knowledge of how the reaction 
conditions control the various aspects of nanoparticle growth. Many methods have been used to 
synthesize iron oxides, including sonochemical reactions, mechanochemical synthesis, 
hydrolysis and thermal decomposition. This work examines the latter two methods, focusing on 
oxidation and reduction of iron. 

Fe(III) ions are hydrolyzed by water to form hydroxo- polymers whose structures and growth are 
affected by the ligands present. These eventually nucleate hydroxides, oxyhydroxides and 
oxides. Fe(II) is less susceptible to hydrolysis, but is easily oxidized to Fe(III), and will also co-
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precipitate with Fe(III). Magnetite can be synthesized relatively easily by increasing the pH of 
acidic aqueous solutions containing Fe(II) and Fe(III) salts, but this approach has not generally 
produced high quality nanoparticles in batch processes. Microfluidic reactors have been used to 
produce high quality nanoparticles, because they can provide a more controlled synthesis 
environment. Here we investigate both the size distribution of iron oxide nanoparticles 
synthesized in a microfluidic reactor, and the ability of dissolved oxygen to oxidize Fe(II) and 
hence affect the nature of the final product. 

Magnetite has also been precipitated by thermal decomposition of iron-containing 
organometallics or organic salts. Although this approach has been widely reported in the 
literature, some ambiguity remains on the precise chemical processes involved. Ferric 
acetylacetonate is frequently used as the starting material. Thermal decomposition at 
temperatures of about 200°C releases acetone and carbon dioxide, in amounts that are sensitive 
to the precise temperature and treatment time [2]. Because of the tendency of many iron oxide 
nanoparticles to aggregate magnetically, long chain or chelating ligands are needed to stabilize 
the nanoparticles [3], Reaction parameters such as the nature, ratios and concentrations of 
capping ligands, along with reaction times, have been reported by various research groups. Many 
synthesis methods have used a combination of oleylamine and oleic acid as capping ligands, 
although some have used only oleylamine. Oleylamine has also been reported to reduce Fe(III) 
to Fe(II), although amines are not generally strong reducing agents. Here we present TEM, x-ray 
and electron diffraction, and magnetic studies on nanoparticles produced using exclusively 
oleylamine or oleic acid, to characterize the nature of the products and assess whether 
oleylamine is serving as a reducing agent. 

Experimental Methods 

Nanoparticle SvnthesisJnside a Microfluidic Reactor from Aqueous Iron Chloride Solutions 

Two slightly different methods were used to synthesize iron oxide nanoparticles in a microfluidic 
reactor, The first used 2 mol/L aqueous ammonia to hydrolyze a de-aerated aqueous solution 
containing 0.48 mol/L FeCl3, 0.24 mol/L FeCl2 and 0.5 mol/L HCl following the method of 
Frenz et al. [4], which has been reported to follow the reaction: 

2Fe3+ + Fe2+ + 8NH4OH = Fe304 + 8NH4
+ + 4H20 (1) 

The iron oxide formed in reaction 1 is magnetite, a cubic spinel ferrite. Both solutions were 
prepared with deionized water de-aerated under argon to minimize oxidation of Fe(II) during 
reaction. Hydrolysis was carried out at ambient temperature under argon. The ammonia solution 
and iron chloride solution were introduced into the reactor from separate channels, briefly mixed 
and then formed a droplet in a third channel containing mineral oil as a carrier fluid. 
Nanoparticles formed as the two aqueous solutions continued to mix within the droplet. 

The second aqueous synthesis route used 12.1 mol/L aqueous ammonia to hydrolyze an aqueous 
solution containing 0.15 mol/L FeCb and 0.1 mol/L FeCb following the method of Karaagac et 
al. [5]. The same microfluidic reactor described above was used. No steps were taken to de-
aerate the solutions. The flow rates of the ammonia and iron chloride solutions were equal. 
Although the initial Fe(II) to Fe(HI) ratio was higher than that in magnetite, at least some of the 
Fe(II) present initially would be expected to undergo oxidation by dissolved oxygen. One would 
only expect Fe3Ö4 to appear if some of the Fe(II) remained unoxidized. 
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Nanoparticles Synthesis by Thermal Decomposition of Iron Acetvlacetonate 

Iron oxide nanoparticles were also synthesized batchwise following the method of Xu et al. [6]. 
3 mmol of iron (III) acetvlacetonate (Fe(acac)3) was dissolved in a solution of 4 ml of oleylamine 
and 4 ml of benzyl ether. The solution was dehydrated at 110°C for 1 hour under a nitrogen 
atmosphere, then cooled. A solution of 11 ml oleylamine and 11 ml benzyl ether was then heated 
to approximately 210°C in a round-bottomed flask under reflux. The Fe(acac)3 solution was 
injected into the hot solution, causing the temperature of the mixture to decrease to 
approximately 180°C. The mixture was held under reflux at 180°C for 60 minutes. A variant on 
this synthesis method substituted oleic acid for oleylamine, keeping all other conditions 
unchanged. 

Results and Discussion 

Nanoparticles Synthesized Inside Microfluidic Reactor from Aqueous Iron Chloride Solutions 

Nanoparticles synthesized from the aqueous chloride solution with a 1:2 stoichiometric ratio of 
Fe(II):Fe(III) under argon were characterized by x-ray diffraction (XRD) and transmission 
electron microscopy (TEM). Magnetic nanoparticles formed when the flow rate of the ammonia 
solution was twice that of the iron chloride solution, providing excess base. These particles were 
5nm ± 0.5nm in diameter, representing a 10% standard deviation in size. This size distribution is 
an improvement over batch synthesis techniques using similar aqueous chemistries. Figures 1 
and 2 show a TEM image and the XRD pattern of the particles. As noted in Figure 2, only the 
(311) peak of magnetite appears. The largest peak, at 2Θ of about 22° α-FeOOH corresponds to 

goethite 1101} 

\ 

magnetite (3 31| 
ft siRam I 1 

0 30 40 50 60 
20 (Degree) 

Figure 1. TEM image of nanoparticles 
synthesized in a microreactor by hydrolysis 
of an aqueous Fe(II)-Fe(III) chloride 
solution under argon. The d spacing (inset) 
corresponds to the {311} plane of 
magnetite. 

Figure 2. X-ray diffraction pattern of nanoparticles 
synthesized in a microreactor under argon gas. 
Only the (311) peak of magnetite, Fe3C>4, appears. 
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goethite, α-FeOOH. The peak at about 62° and smaller peaks at about 55° and 57° were matched 
directly with the pattern of the silicon substrate on which the particles were mounted (which 
would be oxidized at the surface). In addition to the distinctive peaks, there is a very broad peak 
with a maximum at about 40°. This peak could be the (111) peak of goethite. When the flow 
rates of the ammonia and iron chloride solutions were equal, which did not provide enough base 
to neutralize the acid and hydrolyze all the iron, the synthesized particles were non- magnetic. 
Since Fe(II) is less readily hydrolyzed than Fe(III), it seems likely that this product would 
contain only Fe(III) and is probably goethite. 

Nanoparticles synthesized in the microfluidic reactor using the more dilute chloride solution, 
with dissolved oxygen available to oxidize Fe(II) to Fe(III), were also characterized by X-ray 
diffraction and TEM. The particles were 4.6nm ± 0.7nm in diameter, representing a 15% 
standard deviation in size. As with the more concentrated solution in which Fe(II) could not 
oxidize, the size distribution was narrower than for nanoparticles synthesized in batch processes 
employing similar aqueous chemistries [5]. Figures 3 and 4 show TEM images and the XRD 
pattern of the particles. Figure 4 is distinctly different from Figure 2, indicating that the dissolved 
oxygen did, indeed, affect the nature of the product. Four of the major peaks in Figure 4 
appeared to correspond to maghemite, yFe203. This would suggest that all of the Fe(II) had been 
oxidized to Fe(III) before precipitation. As in Figure 2, two additional peaks were seen, at 2Θ 
values of 22° and 48°; as before, the former probably corresponding to goethite, α-FeOOH. The 
precipitate was largely magnetic. 

Figure 3. TEM image of nanoparticles 
synthesized in a microreactor by 
hydrolysis of an aqueous Fe(II)-Fe(III) 
chloride solution containing dissolved 
oxygen. The d spacings (inset) correspond 
to the {220} and {313} planes of 
maghemite. 

Figure 4. X-ray diffraction pattern of nanoparticles 
synthesized in a microreactor from aqueous 
solutions containing dissolved oxygen. Four peaks 
correspond to maghemite, yFe203 
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Figure 5. Magnetization curve of maghemite nanoparticles synthesized in a microreactor by 
hydrolysis of an aqueous Fe(II)-Fe(III) chloride solution containing dissolved oxygen. Particles 
show paramagnetic behavior. 

The magnetic behavior of the synthesized particles was analyzed using a super conducting 
quantum interference device (SQUID). Figure 5 shows the magnetization curve of the 
maghemite nanoparticles synthesized in the microreactor from the more dilute iron chloride 
solution containing dissolved oxygen. The magnetization of the particles increases linearly with 
the applied magnetic field with no hysteresis, characteristic of a paramagnetic material. Bulk 
maghemite is ferrimagnetic; however, in the nanoparticulate form each nanoparticle acts as a 
single magnetic domain whose internal field aligns with the applied magnetic field; consequently 
a collection of maghemite nanoparticles displays paramagnetic characteristics. 

Nanoparticles Synthesized by Thermal Decomposition of Iron Acetvlacetonate 

Figures 6 and 7 show a TEM image and the XRD pattern of nanoparticles produced by the batch-
wise thermal decomposition of iron acetvlacetonate in oleylamine and benzyl ether. The 
particles were 5.5 ± 1.2 nm, corresponding to a 22% standard deviation in size; this is a broader 

40 
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Figure 6. TEM image and diffraction 
patterns of nanoparticles synthesized by 
thermal decomposition of iron 
acetvlacetonate in oleylamine and benzyl 
ether 

Figure 7. X-ray diffraction pattern of nanoparticles 
synthesized by thermal decomposition of iron 
acetvlacetonate in oleylamine and benzyl ether 
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size distribution than obtained from the microfluidic reactor, even though the former operated at 
ambient temperature, which is generally considered sub-optimal. Figure 7 is clearly significantly 
different from the XRD patterns of the samples synthesized in the microreactor using aqueous 
iron chloride solutions. There was a very broad peak with a maximum at around 35°, and no 
peak at 22° corresponding to goethite. Indeed, there were no sharp peaks below about 55°. The 3 
main peaks correspond to the silicon substrate, as discussed for Figure 2. Rings in the TEM 
diffraction pattern for the sample grown in oleylamine (inset of Figure 6), were assigned to the 
(220), (313), (400), (513), and (440) reflections of the inverse spinel structure of maghemite 
(high intensity peaks). When comparing to the diffraction pattern for magnetite, a medium 
intensity ring (the ring labeled 400) could not be matched to a reflection in magnetite. 

Figure 8 shows the magnetization data of the particles synthesized in oleylamine. Comparing 
with Figure 5, it is seen that the magnetic moment saturates at a relatively modest magnetic field, 
with a value over an order of magnitude higher than the maximum obtained for the maghemite 
sample synthesized in the aqueous solution. There is no hysteresis. Hence this appears to be a 
superparamagnetic material. 

I o 

ί 
-2 

4 

Figure 8. Magnetization curve of nanoparticles synthesized by thermal decomposition of iron 
acetylacetonate in oleylamine and benzyl ether. Particles show superparamagnetic behavior 

Figures 9 and 10 show a TEM image and the XRD pattern of nanoparticles produced by the 
batch-wise thermal decomposition of iron acetylacetonate in oleic acid and benzyl ether. The 
XRD pattern in Figure 10 is extremely similar to that in Figure 7. However, the TEM image 
shows two distinctive types of particle, small equiaxed ones, and much larger, acicular particles. 
The rings in the TEM diffraction pattern, for the sample grown in oleic acid (inset of Figure 9), 
were assigned to the (210), (101) (also the 220 peak in magnetite and maghemite), (020), (610), 
and (511) reflections of the orthorhombic structure of lepidocrocite [7]. One of the weaker peaks 
coincides with the 513 peak in maghemite but not to a lepidocrocite peak. No 301 reflection of 
lepidocrocite (expected to be a medium intensity peak) was seen in the pattern shown, but was 
visible elsewhere on the sample. This sample has multiple diffraction rings that did not match 
reflections for goethite, hematite, akaganeite, schwertmannite, wustite, or e-Fe203. In contrast to 
the similar XRD patterns, the magnetic behavior of the precipitate synthesized by thermal 
decomposition of iron acetylacetonate in oleic acid (Figure 11) was different from that of the 
superparamagnetic particles synthesized in oleylamine (Figure 8). Although the magnetization 
curve was also sigmoidal, with little hysteresis, the material saturated at a very low magnetic 
field, with a saturated magnetic moment about two orders of magnitude lower than for the 
material prepared in the presence of oleylamine. This suggests that the magnetic phase accounts 
for only about 1% of all material in the sample. From visual inspection of Figure 9, this would 
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be consistent with the small, equiaxed particles being maghemite and the larger, acicular 
particles being lepidocrocite. 

Oleic acid has been reported to be a less labile capping agent than oleylamine, presumably due to 
oléate being able to give bidentate chelation of iron. This appears to interfere with the growth of 
the cubic maghemite, instead promoting the formation of the orthorhombic lepidocrocite. 

Figure 9. TEM image of particles 
synthesized by thermal decomposition of 
iron acetylacetonate in oleic acid and benzyl 
ether. Inset: diffraction pattern of large, 
acicular particle 

Figure 10. X-ray diffraction pattern of 
nanoparticles synthesized by thermal 
decomposition of iron acetylacetonate in oleic 
acid and benzyl ether 

Magnetic Ffefct | O e ] 

Figure 11. Magnetization curve of particles synthesized by thermal decomposition of iron 
acetylacetonate in oleic acid and benzyl ether with silicon substrate contribution removed. 

Conclusions 

Hydrolysis of an acidic aqueous solution of Fe(II) and Fe(III) chloride in a 1:2 molar ratio in a 
microreactor under argon produced paramagnetic magnetite nanoparticles, along with a-FeOOH, 
with a narrow size distribution of 5nm ± 0.5nm in diameter, corresponding to a 10% standard 
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deviation in size. Hydrolysis of an aqeuous solution with a 1:1.5 molar ratio of Fe(II) and Fe(III) 
containing dissolved oxygen produced paramagnetic maghemite nanoparticles along with what 
appears to be α-FeOOH. Given the dominance of Fe(III) in the products, there was clearly 
extensive oxidation by dissolved oxygen of the Fe(II) originally present in the solution. 

Thermal decomposition of iron acetylacetonate in oleylamine and benzyl ether produced a 
superparamagnetic product with a broader size distribution than seen in the particles synthesized 
from aqueous solutions in a microfluidic reactor. The XRD pattern of this product was quite 
different from that of either product formed in aqueous solution; the pattern was dominated by a 
low, broad peak that probably corresponded to maghemite. There appeared to be little reduction 
of Fe(III) by oleylamine, despite reports of oleylamine behaving as a reducing agent [6]. Thermal 
decomposition of iron acetylacetonate in oleic acid and benzyl ether produced a mixture of 
particle morphologies, including acicular particles of lepidocrocite. Although the XRD pattern 
was nearly identical to that of product generated in the presence of oleylamine, the saturation 
magnetic moment was two orders of magnitude lower, consistent with much of the product being 
lepidocrocite. It seems likely that oléate ligands from oleic acid interfere with the formation of 
cubic maghemite, instead promoting the formation of orthogonal lepidocrocite. 
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Abstract 

Three samples received from the EAF shop have been characterized by chemical, X-ray 
diffraction (XRD), optical microscopy (OM) and scanning electron microscopy (SEM) methods. 
The objective of this characterization work is to investigate the occurrence of nickel, copper, zinc, 
sulfur and phosphorus in these samples and identify their origin and associations with iron 
minerals in the concentrate samples that are from mines. 

The samples were identified as Mineral, Pellet, and HRD. The latter is the DRI product. All three 
samples were received as fine powders. The results indicate that, in the mineral sample, 
magnetite is the major iron oxide mineral with hematite as a second phase based on the OM and 
XRD studies. Pyrite [FeS2], chalcopyrite [CuFeS2] and bravoite [(Fe,Ni)S2] are major sulfide 
minerals. Trace amounts of apatite [Ca5(P04)3(F,Cl,OH)], wardite [Na4CaA112(P04)8(OH)8 
6H20], giniite [Fe5(P04)4(OH)3 2H20] and vivianite [Fe3(P04)2 8H20] were identified by 
SEM and XRD. Microscopic studies also indicated that most of the sulfide grains in the mineral 
sample are present either as liberated fine particles (about 10 microns) or as inclusions within the 
magnetite and hematite grains. XRD studies revealed magnetite as the major mineral with 
subordinate amounts of hematite and pyrite confirming the microscopic findings. Copper, nickel, 
and zinc are mainly present as chalcopyrite, bravoite, and franklinite [(Zn,Mn,Fe)(Fe,Mn)204] 
in trace amount in the mineral samples, respectively. Impurities carry over to the Pellet and HRD 
samples. 

Chemical analyses of the three iron-bearing samples indicate that sulfur and phosphorus in the 
Pellet sample exceeded the specification. Since liberated pyrite and chalcopyrite particles were 
observed both in mineral and pellet samples, magnetic and flotation processing routes for this ore 
should be effective for sulfide removal but at the cost of iron losses. The high phosphorus 
content of all three samples indicates that there are phosphates which are difficult to remove by 
the current concentrating process (magnetic separation and flotation) 

Introduction 

Begin typing remainder of paper... As high-grade ore resources that have been the core of the 
iron-making industry diminish and tend to be controlled by a few mining entities, the industry is 
turning to lower-grade and alternative ores to meet future market demand [1], 

In order to further expand the source of iron ores and achieve more self-sufficiency in iron ore 
supply, it is necessary to carry out fundamental research work with the aim of studying 
economical ways of producing high grade steel from phosphorus contaminated ores. A review of 
available processing methods indicates that upgrading of low grade iron ore can be achieved by a 
combination of physical, thermal, and chemical methods depending upon the mineralogical 

107 



association of the phosphonis minerals and the degree of liberation attained in processing [2], [3]. 
However, removal of phosphorus from the iron ore becomes more challenging at low levels of 
phosphorus, and processing may lead to an increase in iron loss, or require the production of 
several grades of products. A mineralogical analysis of contaminant elements in raw materials 
versus the cost of removal in steelmaking will be required when suitable technology is identified. 

This study was carried out as requested by pelletizing plant and EAF shop to investigate the 
origin of trace contaminant elements in concentrates from mine. The mine has a capacity of 2 Mt 
iron ore concentrate per year. Pre-concentrated iron ore is shipped from the mine by truck to the 
upgrading Plant where it is processed into a high-grade concentrate. After upgrading, the 
concentrate is transported by rail cars to the Port and shipped to the steel-making plant. Table 1 
and Table 2 show the ROM from mine and pellet product specifications at the pelletizing plant 
where DRl«grade pellets are made. The steelmaking facilities have a pelletizing plant for DRI-
grade pellets, two direct reduced iron plants, and an electric arc fürnace-based steel-making plant 
with continuous casting facilities. 

Experimental and Discussions 

The iron concentrate from mines is used as raw material for DRI pellets. However, because of a 
relatively high content of sulfur and phosphorus, the iron concentrate cannot be used alone as a 
raw material for pellets but can be used as an auxiliary material for blending with other higher 
grade concentrates. Thus, the production of the iron concentrate from the mine has been limited 
and the sulfur and phosphorus contents are concerns in the steelmaking process. For this reason, 
a detailed mineralogical characterization and elemental analysis of process relevant minerals and 
their conversion were performed using chemical, optical microscopy, XRD, and SEM with EDS 
techniques. 

Table 1. Mine ROM quality 

Contents ^ 
Cut-off grade 
Average grade 
Product quality 

Fe total 
Fe mag 

Si02 
A1203 

P 
S 

CaO 

Unit 

%Fe 
%Fe 

Natural 
% 
% 
% 
% 
% 
% 
% 

Mine 

15.0 
50.0 
Fines 1 
63.4 
63.1 
3.8 
0.4 
0.7 
1.38 
3.83 

Upper 
Lower 

Table 2. Specifications for DR pellet product 
Fe Total 

-
66.1 

Fe+i 

0.95 
-

Si02 
4.00 

-

s 
0.007 

-

P 
0.04 

-

CaO 
1.07 

-

A1203 
1.10 
-

Qimial Analysis 
Three samples including concentrate (MINERAL), DRl-grade oxide pellet (PELET), and DRT 
reduced pellet (HRD) were received in powdered form. Portions of these three samples were sent 
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to two laboratories (Lab 1 and Lab 2) for chemical analysis. Lab 1 uses an X-ray fluorescence 
(XRF) spectrometer and Lab 2 uses an Inductively Coupled Plasma (ICP) spectrometer. The 
results are summarized in Table 3. Fe is the dominant element in all three samples with weight 
percentage ranging from 66.37 to 91.42. Copper, Nickel, Zinc, Sulfur, and Phosphorus are 
present as trace elements ranging from 0.003 to 0.179 percent. 

Table 3. Chemical analysis results of three samples. 
Element 

Cu 
Ni 
Zn 
Fe 
AI2O3 
CaO 
Si02 
S 
P 

Mineral 
Labi 
0.015 
0.019 
0.007 
67.08 
0.33 
0.74 
2.39 
0.167 
0.07 

Lab 2 
0.003 
0.042 
0.010 
69.99 
-
-
-
0.100 
0.140 

Pellet 
Labi 
0.005 
0.008 
0.004 
66.37 
0.54 
0.80 
2.97 
<0.005 
0.11 

Lab 2 
0.004 
0.038 
0.010 
67.29 
-
-
-
0.02 
0.124 

DRI 
Labi 
0.004 
0.021 
0.006 
79 
0.47 
0.77 
2.90 
O.005 
0.13 

Lab 2 
0.004 
0.051 
0.013 
91.42 
-
-
-
0.01 
0.179 

According to the chemical analyses, the DRI pellet product is high in iron content, but acid 
gangue (S1O2 and AI2O3), sulfur and phosphorus contents exceed normal specifications. It should 
be noted that Ni is much higher than Cu or Zn. Lab 2 analyses seem to be closer to reality. From 
concentrate to fired pellet, there is a slight decrease in iron content, decrease in sulfur, and 
increase in gangue content due to binder addition, flux addition and oxidation of sulfides and 
magnetite. Iron content increases and sulfur content decreases in the DRI reduced sample (HRD) 
due to removal of oxygen and sulfur. 

X-rav Diffraction (XRD) Analysis 
The powdered samples to be analyzed by XRD were placed on a flat glass plate without further 
grinding since they are very fine in size already. The diffraction patterns were obtained 
employing an X'pert Pro Diffractometer by PANalytical using Ni filtered Cu Ka radiation at 
35kV and 50 mA. The samples were scanned at room temperature from 20 to 120 degree at a 
step size of 0.10°, with a recording time of 4 s for each step. 

XRD analysis of the Mineral sample revealed (Table 4) that the major iron bearing mineral is 
magnetite followed by hematite. The sulfide minerals identified are pyrite, chalcopyrite, 
arsenopyrite and bravoite. The phosphorus minerals are wardite, giniite and vivianite. Trace 
amount of nickel is present as bravoite, which is closely related to pyrite. Bravoite is a nickel or 
cobalt bearing variety of pyrite, with substitution of Ni2+ for some of the Fe2+. Zinc is also 
present in trace amounts and is mainly present as zinc oxides such as franklinite and zincite. 
Franklinite is a mineral much resembling magnetite in form, color, and general appearance and is 
weakly magnetic. Compositionally, it is a variety of iron spinels, containing both zinc and 
manganese. 

XRD analysis of the Pellet sample showed most of the phases present in the Mineral sample. 
New phases identified are calcium oxide and hydrated iron phosphate, which could be introduced 
by the flux addition and other concentrate during the blending and pelletizing process. There is 
also a trend of phase transformation from magnetite to hematite due to oxidation. Sulfide and 
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phosphate contents decrease in the Pellet sample which is consistent with chemical analysis 
results. 

XRD analysis of the HRD sample did not show the hematite phase as a result of complete 
reduction to magnetite, wustite and metallic Fe. There is no occurrence of pyrite, chalcopyrite, 
arsenopyrite, franklinite or phosphate minerals in the sample. Only trace amount of bravoite and 
zincite were detected which are minerals associated with nickel and zinc. Phosphates were likely 
reduced to metallic phosphorus and dissolved in the iron phase. 

Table 4. Phase identification of XRD peaks 
Mineral (concentrate) 

Score 

82 
55 
46 
50 

*26 
33 

* 17 
* 18 

J 2 6 

23 

Phases 

Magnetite, Fe304 
α-hematite, Fe203 
Hematite, Fe203 
Franklinite, ZnFe204 
Zincite, ZnO 
Pyrite, FeS2 
Bravoite, (Fe, Ni)S2 
Chalcopyrite, CuFeS2 

Wardite, 
NaAl3(P04)2(OH)4 2H20 
Oiniite, Fe5(P04)4(OH)3 
2H20 

Pellet 
Score 

23 
89 
72 
10 

*3 
12,16 

♦10 
* 11 

12 

11 

Phases 

Magnetite 
a-hematite 
Hematite 
Franklinite 
Zincite 
Pyrite 
Bravoite 
Chalcopyrite 

Giniite 

Vivianite, 
Fe3(P04)2 8H20 

HRD (DRI) | 
Sco 
re 

2 

* 1 

*8 

29 

49 

Phases 1 

Magnetite 1 

Zincite 

Bravoite 

Wustite 

Bainite, ferrite, Fe 
* A higher score indicates a better match between reference pattern lines and the scan/peak 
features. 

Mtárpggapic Sfujy 
Samples for optical microscopy were cast in a cold-mounting epoxy resin mould under vacuum. 
The mounted samples were ground and polished using standard techniques. The polished 
samples were observed using a Zeiss Observer Zlm optical microscope up to 1600X. 

Optical microscopic observation revealed that the Mineral sample contain magnetite and 
hematite as the major minerals with pyrite and chalcopyrite as minor minerals. Phosphorus 
minerals were also observed in the Mineral sample. Microspecular hematite was rarely noticed in 
the Mineral sample. Sulfides appear as minute grains of different sizes either as liberated 
particles or fine inclusions (Figure 1). Such fine inclusions might pose a problem for liberation 
since most of them are in ultra-fine sizes (a few microns). 
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(a) Plane polarized light (X1600) (b) Plane polarized light (X1600) 
Figure 1. Optical microscopy of concentrate sample (MINERAL) with liberated pyrite grain and 
magnetite grains with fine pyrite inclusion. 

The major contents of the concentrate sample (Mineral) are magnetite and hematite in aggregate 
or in mixed particles. The principal phases are magnetite with hematite. This observation is 
consistent with XRD analysis. Magnetite is often porous and is found free or interspersed among 
other iron oxide crystals and may show microspecular texture (shown in Figure 2). Quartz is 
mostly free of inclusions. Occasionally, quartz occurs within aggregates and shows a brighter 
coloration due to internal reflection. 

(a) Plane-polarized light (X1000) (b) Cross-polarized light (X1000) 
Figure 2. Porous magnetite with recrystallized hematite observed in Mineral sample under plane 
and cross-polarized lenses. 

From the three samples in different processing stages, it is obvious that iron minerals in the 
samples undergo transformation from Magnetite and Primary Hematite -> Primary, Secondary 
Hematite and Wustite -> Ferrite and Wustite. Figure 3 shows an optical micrograph of pellet 
fines particle containing portions of magnetite (dark grey) along with hematite (light grey). 
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Figure 3. Microstrueture of Pellet sample - residual magnetite (grey) with recrystallized hematite 
(white) under plane polarized light (XI600), 

The same samples used for optical microscopic observation were used for Scanning Electron 
Microscopy analysis. The molded specimens were fixed on an aluminum mount and coated with 
a thin layer of gold using a Dentón Vacuum sputter coater (Desk IV). The coated specimens 
were examined under a JEOL-6060 scanning electron microscope. The Energy Dispersive X-ray 
Spectrometry (EDS) was also done on the sample to obtain chemical mapping of the sample. 

Figures 4 and 5 show typical grains of magnetite and pyrite with EDS point analyses (analyses 
performed on micros with gold coatings). The EDS elemental analysis of the magnetite and 
pyrite grains confirmed their chemical compositions and observation by optical microscopy 
method. Efforts were also made to identify nickel, copper and zinc mineral grains in all samples. 
However, only a few pyrite grains containing nickel were found under the microscope since they 
contain only trace amounts by chemical analyses. 
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Figure 4. SEM micrograph of magnetite grains with recrystallized hematite in Mineral sample 
(with gold coating). 

Figure 5. SEM micrograph of pyrite grain in Mineral sample showing trace of Ni (with gold 
coating). 
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Figure 6 and 7 show a backscattered electron micrograph (BSE) with EDS analyses of iron 
phosphate (giniite or vivianite), iron oxide (magnetite), calcium phosphate (apatite) and quartz in 
the Mineral sample. It can be seen the phosphate grains (point 1 and 4) are intergrown with iron 
minerals and those grains are in the fine size range (10 to 100 microns). This is an indication that 
further grinding may help to liberate phosphate further in the mineral samples. 

SDpm 

Figure 6. Backscattered Electron micrograph and EDS point analyses of Mineral sample. 
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Figure 7. EDS point analyses of giniite/vivianite (point 1), magnetite (point 2), chloroapatite 
(point 4), and quartz (point 5) grains in Mineral sample. 

Conclusions 

Mineralogical studies on the Mineral sample by optical microscopy and SEM indicated that 
magnetite and hematite are the major iron oxide minerals with minor amounts of pyrite, and 
chalcopyrite as sulfide minerals. XRD studies revealed magnetite as the major mineral with 
smaller amounts of hematite, franklinite, pyrite, and apatite confirming the microscopic findings. 

113 



Phosphorus is present in apatite, wardite, giniite and vivianite. Wardite disappeared in the Pellet 
sample after treatment at high temperature. 

Optical microscopic studies indicated that most of the sulfide and phosphate grains are present as 
liberated particles with a few inclusions in both the magnetite and hematite grains in the size 
range of 10 to 100 microns. The high phosphorus content of all three samples indicates that there 
are phosphates which are difficult to remove by the present concentrating process (magnetic 
separation and flotation). Detailed examination of the concentrating process flowsheet combined 
with mineralogy studies would be needed to determine the potential to improve the grade of the 
concentrate. 

XRD analyses revealed that nickel and copper are mainly present as bravoite and chalcopyrite 
respectively in trace amounts in the Mineral sample. Chemical analysis also showed that these 
elements are present as trace elements ranging from 0.003 to 0.051 percent. Since bravoite and 
chalcopyrite are closely related to pyrite, an enhanced sulfide flotation method would be required 
to ftwther reduce the contamination of nickel and copper in the concentrate. Zinc is mainly 
present as franklinite and zincite. Because franklinite is feebly magnetic and is compositionally a 
variety of magnetite, magnetic separation is not likely to be effective to obtain good removal 
efficiency of zinc. Selective flotation for franklinite and zincite along with gangue might be an 
option to further reduce zinc contamination in the concentrate, but would require additional study. 
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Abstract 

By testing the dielectric constant and the dielectric loss factor of concentrated 
Dahongshan, millscale, anthracite and light-burned dolomite in different frequency 
and temperature, and by studying the temperature-rising characteristics of the 
materials in the microwave field of 2.45GHz in frequency, the research in the paper 
shows that to reach at 1250°C under the same condition - 2KW the microwave power 
and 30g the mass ~ the time concentrated Dahongshan takes is 330s, whereas the 
millscale is 855s and the anthracite is 820s. About the last one, the higher the 
temperature is, the stronger the absorptivity is. After the temperature has rose to 
400°C, the anthracite's absorptivity increases dramatically. The result of the research 
would serve as the foundation of the further study on making direct reduced iron by 
microwave heating. 

1. Introduction 

Under the microwave fields, materials' dissipation of dielectric bodies would generate 
thermal effect. Therefore, the dielectric constant and the dielectric loss factor are 
closely related to materials' ability of absorbing microwave energy—the larger the 
dielectric constant and the dielectric loss factor are, the stronger the material's ability 
of absorbing microwave energy is, and the better the thermal effect would be [1-2]. In 
order to research how to make reduced iron from iron ore fines by microwave heating 
deeply and systematically, the test of raw materials' dielectric constants and dielectric 
loss factors are of the essence. What's more, because a mineral' conductivity is 
influenced by its components and crystal structure[3], it is necessary to study different 
materials' different temperature-rising characteristics; hence such studies would 
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2. Experimental 

2.1 Equipments and measures 
The precise anti-resistance analyzer(Agilent 4294A) is introduced to test the dielectric 
constant of samples of iron ore fines. First, researchers weigh 30g material into a 
crucible covered by thermal insulation material and then heat it by a box-looked 
microwave(frequency:2450 MHz; power: 2KW). Do not stop heating until the 
temperature has reached the required one; meanwhile researchers should record the 
temperature per 30 second during heating. Thus, a time versus frequency curve can be 
made by recorded statistics. Its changing tendency reflects the material's 
temperature-rising characteristic. 

2.2 The chemical composition of iron ore fines 
There two types of iron ore fines used in this research: concentrated Dahongshan and 
millscale. The diagram below shows their chemical composition. 

Table 1 The chemical composition 
iron ore fine TFe 
concentrated _ ΛΟ ^ , . 62.98 Dahongshan 

millscale 69.18 

FeO 

24.86 

53.60 

Si02 

6.86 

2.84 

of different types 
CaO 

0.43 

1.44 

MgO 

0.81 

0.62 

of iron ore fines i 
A1203 

1.36 

0.64 

MnO 

0.04 

0.63 

i%) 
S 

0.024 

0.020 
Continou Table 1 
iron ore fine P 
concentrated Λ η ^ 
Dahongshan ü ü 3 3 

millscale 0.070 

Ti02 

0.58 

0.15 

Pb 

0.004 

0.006 

Zn 

0.009 

0.016 

κ2ο 
0.056 

0.020 

Na20 

0.260 

0.085 

loss 

-1.54 

Moisture 

5.80 

1.40 

Anthracite is the reducing agent in this research. Table 2 shows anthracite's 
industrial analysis and the content of S and P. 

Table 2 Anthracite's industrial analysis, chemical composition and other 
characteristics 

F i x e d A I . u , 4., o r. A, · . ^ i -xr .· Characteristic Ash Volatile S P Moisture Calorification _ , 
c t ; n /% /% /% /% /% /Mj-kg-1 f ^ 

/% _ slag/l~8 
70.42 22.40 9.25 0.9 0.014 1.69 26.93 1 

The desulfurizing agent used in this research is light-burned dolomite. Table 3 
shows its chemical composition. 

CaO 
41.10 

Table 3 The chemical 
MgO 

26.39 

composition of light-burned dolomite (%) 
Si02 

<0.5 
A1203 

0.038 
S 

0.016 
P 

<0.005 
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3. Result and Analysis 

3.1 Iron ore fines' dielectric constants and dielectric loss factors 
Fig.l shows the changing tendency of concentrated Dahongshan's, millscale's 

and anthracite's dielectric constant respectively: 
(l)With the same frequency, millscale's dielectric constant is the largest, and 

the concentrated Dahongshan's is the second largest, and the anthracite's is the 
smallest. 

(2)The concentrated Dahongshan's and millscale's dielectric constant reduce as 
the frequency increases. 

(3)The faster the frequency is, the smaller the reducing range of concentrated 
Dahongshan's and millscale's dielectric constant would be. 

(4)With the same condition, the reducing range of concentrated Dahongshan's 
dielectric constant is smaller than millscale. 

(5)When the frequency has reached 110MHz, concentrated Dahongshan's and 
millscale's dielectric constant are comparatively larger(56.14 and 144.46 
respectively). 

(6)Anthracite's dielectric constant changes little as the frequency increases, and 
it has a tendency that first decreases then increases. For example, when the frequency 
has reached 104492133.612Hz, anthracite's dielectric constant reduces to the lowest 
point 5.68; when the frequency has increased to 110MHz, it augments to 5.81. 
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Fig.l The changing tendency of 
concentrated Dahongshan's, 
millscale's and anthracite's dielectric 
constant 

Fig.2 The changing tendency of 
light-burned dolomite's dielectric 
constant 

Fig.2 is the changing tendency of desulfurizing agent's dielectric constant. 
According to Fig 2, desulfurizing agent's dielectric constant reduces as the frequency 
increases, and the faster the frequency is, the smaller the changing range of the 
dielectric constant is. 

The following formula shows how dielectric's microwave power dissipates under 
the alternating electric field[2]: 

Ρ = 2πίεηε'Έ2 (1) 
In this formula(l), P is microwave power(the unite is W); f is the frequency(the unite 
is Hz); s0is a mineral's vacuum dielectric constant, ε0 =8.85x10"12F/m ;ε" is 
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complex dielectric constant, reflecting the degree of dissipation of dielectric; E is the 
electric field intensity (the unite is V/m). 

Formula (2) represents dielectric's ε 
ε = ε,-ίεΜ (2) 

In formula (2), ε' is the real part of complex dielectric constant, reflecting dielectric's 
ability to bound charge. 

dielectric's complex dielectric constant ε can be represented by dissipation 
angle tan5 

ε" 
ε = tan δ = — 

ε* If both of a material's dielectric constant and dielectric loss factors are 
comparatively larger, the material's ability to absorbing microwave will be 
stronger [4-7], 

Fig.3, 4, 5, 6 show the changing tendency of concentrated Dahongshan's, 
millscale's, anthracite's and desulfurizing agent's dielectric loss factors as the 
frequency changes. 

In Fig.3, concentrated Dahongshan's dielectric loss factor reduces as the 
frequency increases. When the frequency is 98512164.4Hz, concentrated 
Dahongshan's dielectric loss factor reaches its positive minimum value. As the 
frequency continues increasing, the dielectric loss factor becomes negative. When the 
frequency has reached 110MHz, the dielectric loss factor is -5.53. In another word, 
when the frequency is less than 98512164.4Hz, the absolute value of concentrated 
Dahongshan's dielectric loss factor increases as the frequency decreases; when the 
frequency is greater than 98512164.4Hz, the dielectric loss factor increases as it 
augments. 

According to Fig.4, millsacle's dielectric loss factor reduces as the frequency 
increases, and the faster the frequency is, the smaller the changing range is. When the 
frequency is 110MHz, the dielectric loss factor is 18.34. 
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Fig,3 Changing tendency of 
concentrated Dahongshan's dielectric 
loss factor 

Fig.4 Changing tendency 
millscale's dielectric loss factor 

of 
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In Fig.5, anthracite's dielectric loss factor reduces as the frequency increases. 
When the frequency has reached 102918457.5Hz, its dielectric loss factor is 0. If the 
frequency continues to increase, the dielectric loss factor's value becomes negative. 
When the frequency is llOMHz, the value is -0.46, which means that with the 
frequency increasing, the absolute value of anthracite's dielectric loss factor reduces 
when the frequency is less than 102918457.5Hz while it increases when the frequency 
is greater than 102918457.5Hz. 

According to Fig.6, desulfurizing agent's dielectric loss factor reduces as the 
frequency increases. When the frequency has reached 102288987.1Hz, the dielectric 
loss factor is 0. As the frequency continues to increase, the dielectric loss factor 
becomes negative. When the frequency has reached llOMHz, the dielectric loss factor 
is -0.58. In a word, with the frequency increasing, the absolute value of desulfurizing 
agent's dielectric loss factor reduces when the frequency is less than 102288987.1Hz 
while it increases when the frequency is greater than 102288987.1Hz. 

Materials' ability of absorbing microwave energy is related to the absolute value 
of dielectric loss factor—the larger the absolute value is, the better the ability would 
be. Combining materials' changing tendency of dielectric constants and dielectric loss 
factors with the frequency increasing, the absolute value of concentrated 
Dahongshan's dielectric loss factor changes most, then is anthracite's and millscale's, 
and the light-burned dolomite's is the least. 

10-, 
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8-j 

i i 

iJ 
oJ 
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fequency/ H? fiequency/ H z 

Fig.5 The changing tendency of 
anthracite's dielectric loss factor 

Fig.6 The changing tendency of 
light-bumed dolomite's dielectric loss 
factor 

Under the same electric field intensity and the same microwave frequency, the 
larger a mineral's dielectric constant, the more energy dissipation is when concerting 
microwave energy to heat, and the better the ability of absorbing microwave is. 
Therefore, concentrated Dahongshan's ability of absorbing microwave is the best. 

3.2 The temperature rising characteristic of materials in microwave field 
Fig.7 shows concentrated Dahongshan's and millscale's temperature rising curse. 

According to the graph, heated by microwave radiation, concentrated Dahongshan 
and millscale have different points of inflection. After being radiated for 60 seconds, 
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the temperature of concentrated Dahongshan reaches to 610°C. When the temperature 
has rose to 800 "C, the temperature rising speed slowed down. It takes 330 seconds to 
rise to 1250eC, while millscale takes 855 seconds to reach the same temperature. As a 
result, under the microwave field, both of concentrated Dahongshan and millscale 
have good abilities of absorbing microwave, and the former one's is comparatively 
better. 

Fig.8 shows anthracite's temperature rising curse. According to the graph, the 
curve's point of inflection is patent. Below 400°C, anthracite's temperature rising 
speed is slow. This results from the influence of anthracite's Volatile matter and ash 
content [8-9], When above 400°C, it takes only 160 seconds for anthracite's 
temperature to rise from 400 eC to 1250°C. So anthracite is a kind of 
microwave-absorbed materials. After being radiated for a while, anthracite's 
absorptivity becomes stronger gradually, especially when the temperature is above 
400Ό. 

The formula below shows samples' temperature rising speed when considering 
the heat's radiation dissipation. 

eocAr -(2πε0ε
ΜΑΕ2-·^^-Τ4) (3) 

d t " P c / -"- v 
In formula (3), T is temperature(the unite is K); t is time(the unite is s); ε0 is 

permittivity of vacuum; eM is dielectric loss factor; f is microwave frequency; E is 
electric field intensity; e is a sample's thermal radiation coefficient; a is Stefan 
Boltzman constant; A is a sample's surface area; V is a sample's volume. 

time/ s 
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Fig. 7 The temperature rising curve of 
concentrated Dahongshan and 
millscale 

Fig. 8 the temperature rising curve of 
anthracite 

4. Conclusion 

1. By testing sample minerals' dielectric constants and dielectric loss factors, the 
research proves that concentrated Dahongshan, millscale and anthracite have good 
absorptivity. 

2. Under the microwave field, there are differences between iron ore fines' and 
anthracite in temperature-rising characteristic. 

The research also shows that rising to a temperature of 1250°C, concentrated 
Dahongshan takes 330 second; millscale takes 855 second; anthracite takes 820 

120 



second. What's more, anthracite's temperature-rising characteristic becomes stronger 
as the temperature increases, and its absorptivity become stronger dramatically after 
the temperature has rose to 400 °C. 

3. By understanding concentrated Dahongshan's, millscale's and anthracite's 
temperature-rising characteristics under microwave field can lay a foundation for 
further research on how to make reduced iron by microwave heating. 
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Abstract 

The characterization of the surface roughness of the mineral particles is of vital 
importance for the studies of the mineral processing. In this study, an evaluation of 
the roughness of the iron ore particles, with the measurements of size distribution and 
the measurements of specific surface area with the liquid nitrogen absorption, was 
developed. The main theory of this method is the fact that the roughness of the 
particle influences the specific surface area apparently. The specific surface area of 
the particles can be measured with the laser diffraction method and the liquid nitrogen 
absorption method. The influence of the surface roughness of the particle can be 
measured with the nitrogen absorption and cannot be measured with the laser 
diffraction. Therefore, the roughness can be got by comparing the specific surface 
area with two measurement methods. 

Introduction 

The characterization of the surface roughness of the mineral particles is of vital 
importance for the studies of the mineral processing. There are three main methods 
for measuring the size distribution of mineral particles: sieving, laser diffraction, and 
sedimentation 1). Many techniques involve sedimentation such as the Horiba2, 3) and 
the Cyclo-sizerl). In the mineral industry, size distribution is usually determined by 
sieving because it can be carried out accurately for all particle sizes larger than 45 . 
The preferred method to obtain the size distribution of finer particles is laser 
diffractometry. The technique has several advantages: it produces measurements in a 
few minutes with considerably less labor compared with the cyclo-sizer and for a 
range of sizes considerably wider in comparison with the sedigraph4). The 
equivalent-sphere size distribution reported by laser diffractometry is valid for 
metallurgical calculations and can be routinely used in mineral processing plants. The 
surface area of the particles can be measured by the BET method of nitrogen 
adsorption, or it can be calculated from the size distribution. However, the latter 
calculation requires the size distribution to be accurately known across the whole size 
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range, and assumptions have to be made about the shapes and surface roughness of 
the particles and presence or absence of pores (see below). The BET method is based 
on the physical adsorption of gas over the whole exposed surface area and measures 
the surface area stemming from the roughness and open pores on the surface of the 
particle5). The calculation of the surface area from the size distribution is usually 
based on the assumption that all the particles are smooth spheres, without considering 
the shape and/or roughness of the particles. Determining the surface roughness of the 
particle with these methods, is the objective of this study. 

Experimental 

The sieve-sizing method and the laser diffraction method were used to measure the 
particle size. The series of screens used in the sieve sizing are 0.038, 0.2, 0.7, 1, 3, 5, 
8, and 10 mm. The laser diffractometer used in this study is MS 2000 (Malvern 
Instruments). The measuring range is from 0.02-2000 urn. The specific surface areas 
of the particle samples were measured by ASAP 2020 (Micromeritics). The principle 
of the ASAP 2020 is to adsorb nitrogen at low temperature. The mass of nitrogen 
absorbed is measured; thus, the surface area can be calculated with these data based 
on the theoretical absorption model, such as the BET model and the Langmuir model. 

Results and Discussion 

In the current study» samples of eight different iron ores were selected for the 
measurements. Size distribution was measured by dry screening without prior wet 
screening; data are shown in Table 1. In 5 of the 8 cases, more than 50% of the 
materials were smaller than 0.2 mm. The particle size distribution of the samples 
under 0,2 mm and their surface area were measured using the laser diffractometer. 
The results are shown in Table 2. Measurements by the laser diffraction analyzer 
show that the 99% of the particles, which are sized down to 0.2 mm by the screen, are 
scarcely bigger than 0.2 mm. In the particles under 0.2 mm in the eight samples, ore C 
has the smallest average size at about 4.63 μηι. Ore F has the largest average size at 
about 50.4 μηι. 

Table 1 Size distribution (mm) of iron ores, mass% 
Ore 
A 
B 
C 
D 
E 
F 
G 
H 

>10 
1.5 
4.0 
1.6 
0.0 
0.0 
3.9 
0.0 
0.0 

8-10 
0.3 
3.2 
5.1 
0,7 
0,0 
1.6 
0 4 
0.0 

5-8 
4.6 
10.0 
30.1 
1.0 
2.3 
11.1 
0.2 
0.0 

3-5 
9.3 
11.6 
37.0 
0.8 
0.7 
12.5 
0.2 
0.0 

1-3 
3.8 
11.1 
15.9 
0.9 
0.4 
11.6 
0.4 
0.0 

0.7-1 
1.8 
7.1 
3.6 
1.1 
0.1 
5.8 
0.4 
0.0 

0.2-0.7 
10.9 
26.3 
3.4 
13.8 
4.7 
15.7 
3.9 
0.3 

0.038-0.2 
49.7 
17.8 
1.1 

51.6 
65.1 
28.4 
55.1 
61.5 

O.038 
18.2 
8.9 
2.3 

30.1 
26.6 
9.4 

39.4 
38.1 
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Table 2 Surface area and equivalent diameter of the particles below 0.2mm 

Iron ores 
Surface area m2/g 
D(0.1)um 
D(0.5) μπι 
D(0.9) urn 
D(3,2) μιη 
D(4,3) μηι 

A 
0.25 
11.09 
48.25 
113.98 
23.59 
62.76 

B 
0.25 
14.87 
41.95 
95.61 
23.44 
49.28 

C 
2.81 
0.79 
4.63 
50.37 
2.14 
16.32 

D 
0.27 
10.45 
43.53 
102.70 
22.30 
57.40 

E 
0.43 
6.90 
34.50 
87.10 
13.90 
46.30 

F 
0.31 
12.90 
50.40 
109.40 
19.20 
56.60 

G 
0.44 
7.59 
38.90 
95.50 
13.50 
45.86 

H 
0.44 
6.66 
36.48 
109.50 
13.56 
60.20 

D(x): defined as diameter where the x of the particles are smaller than D(x), x is the 
mass fraction. D(3,2): surface median diameter, D(4,3): volume median diameter. 

Based on Tables 1 and 2, the cumulative size distribution of the eight iron ore samples 
are plotted in Fig.l, where samples D, E, G, and H are fine ores, sample C is a very 
coarse ore, and samples A, B, and F are medium. The surface area of the iron ore 
samples of a unit mass is calculated by Eq. [1]: 

S = 4H-Xni-ri
2 (1) 

where S is the total surface area of all particles of a unit mass, and ri is the radius 
of the particles with different sizes. The number of particles with size ri can be 
calculated by 

ni = — : ; — 3 ( 2 ) 

where mi is the mass fraction of particles with size ri in 100 g of raw materials. 
Replacing ni in Eq. [1] by Eq. [2] gives the following: 

s = E ^ · ^ (3) 

The bulk and real density of the iron ore samples are shown in Table 3. The surface 
area can be calculated according to Eqs. [2]-[4]. The results are shown in Table 4, 
where the medium particle size in the fixed size range is used. For particles <0.2 mm 
and >10 mm, D (0.5) from the laser diffraction measurements and 15 mm are used as 
the medium diameter in the calculations. Based on the calculations, ores E, G, and H 
have a great specific surface area caused by the high fraction of small particles. 
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Fig.l Cumulative size distributions of the eight iron ore samples 

Table 3 Bulk density and true density of iron ore g/cm3 

Iron creí i 

Bulk density 

True density 

A 
2.03 

4.14 

B 
2.06 

4.09 

C 
2.29 

4.62 

D 
2.11 

4.17 

E 
2.12 

4.65 

F 
2.49 

4.54 

G 
2.15 

4.15 

H 
2.04 

4.02 

Table 4 Surface area of the samples calculated with the size distribution 

Qmlr)*'Omax 

104 

<0.2 

0.2*Ό.7 

0.7^1 

1~3 

3-5 

S-8 

8~10 

>10 

Total 

dM 

m 
D(0.5) 

0,45 

0.85 

2 

4 

6.5 

9 

15 

A 

20787.7 

356.3 

31.3 

28.2 

34.5 

10.4 

0.5 

1.4 

21250.2 

B 

9409.5 

851.8 

120.8 

81.0 

42.4 

22.4 

5.1 

3.9 

10536.8 

C 

9958.6 

98.7 

54.7 

104.4 

121.0 

60.6 

7.5 

1.4 

10406.9 

D E 

cmVlOOg 

27743.7 

437.0 

18.4 

6.7 

2.7 

2.1 

1.1 

0.0 

28211.7 

39284.6 

148.1 

2.2 

2.8 

2.6 

5.1 

0.0 

0.0 

39445.4 

F 

11069.1 

421.4 

81.8 

69.8 

37.7 

20.6 

2.2 

3.1 

11705.7 

G 

35908.7 

121.2 

6.4 

2.6 

0.8 

0.5 

0.6 

0.0 

36040.7 

H 

40344.7 

10.8 

0.5 

0.0 

0.1 

0.0 

0.0 

0.0 

40356.1 

D(0.5) from Table 4 

The surface area and features of the pores in the particles of the samples measured by 
the ASAP 2020 are shown in Table 5. Comparing the results of the surface area by 
different methods, which are classified as (a) a mathematical model for the calculation 
of size distribution (sieving or laser diffraction) and (b) measurement by nitrogen 
absorption, the results are shown in Table 6. The surface area measured by the ASAP 
2020 is much larger than that by combining the size distribution measured by laser 
diffraction and the mathematical model calculation. Note that the surface area 
measured by nitrogen adsorption should be close to the real value of the particle surface 
area according to the theory of adsorption. The mathematical model used to calculate 
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the surface area from the size sieving and laser diffraction methods is based on the 
important assumption that all particles are fully dense smooth spheres. However, real 
iron ore particles are never smooth spheres but are rather very irregularly shaped with 
great roughness; both characteristics can increase the surface area of the particle. In the 
size-sieving method, very fine particles can (a) agglomerate or (b) adhere to the large 
particles, resulting in some errors in measuring the size distribution. However, in the 
laser diffraction method, all the particles should be fully dispersed in the medium used 
to obtain a suspension of the particles. The previous discussion explains why the 
surface area measured by nitrogen adsorption is larger than that calculated from the size 
distribution measured by laser diffraction. 

Table 5 Measurements of the iron ore by ASAP2020 

Surface area (m2/g) 
BET model 
Langmuir model 
Micropore area 
External area 
Pore volume cm3/g 
Pore size A 

A 
3.005 
4.186 
0.181 
2.824 
0.005 
67.05 

B 
16.460 
22.928 
0.699 
15.762 
0.026 
66.15 

C 
1.182 
1.654 
0.086 
1.096 
0.005 
173.72 

D 
3.405 
4.686 
0.657 
2.749 
0.005 
68.27 

E 
1.729 
2.404 
0.123 
1.608 
0.006 
127.34 

F 
9.948 
13.719 
2.399 
7.549 
0.014 
60.75 

G 
1.611 
2.260 
0.065 
1.545 
0.005 
125.08 

H 
2.915 
4.102 
0.287 
2.627 
0.005 
65.68 

Tableó Shape factors of the sample 

Factors 
all particles (N.A./Cal.) 
all particles (N.A/L.D. <0.2mm) 
<0.2mm (L.D./Cal.) 
<0.038mm (L.D./Cal.) 

A 
134.5 

11.1 
8.2 
6.4 

B 
1432.9 

61.6 
7.3 
5.4 

C 
109.6 

0.4 
8.8 
7.0 

D 
98.2 
10.2 
7.9 
6.6 

E 
41.2 
3.7 

10.0 
8.1 

F 
629.1 
24.1 
10.8 
8.1 

G 
42.9 
3.5 

11.7 
9.1 

H 
65.7 
5.9 

10.8 
8.9 

The roughness of the surface of the particle and the presence of open pores greatly 
influence the surface area of the particle. The relationship between roughness and the 
specific surface area is deduced as follows. 

The ratio between the measurements by nitrogen absorption and the laser diffraction 
gives the information on the shape and roughness of the particle, as shown in Table 6. 
The ratio varies greatly among the samples. In samples B and F, the surface area 
measured by ASAP is as high as 1432 and 629 times ofthat calculated by the model. In 
the other samples, such as E and G, the measurements by ASAP are as high as about 42 
times of the calculations. In the others, the value varies from 60-130 times. 

To study the reason why the values change so greatly, the particles were observed under 
the SEM machines; the morphology of the samples are shown in Fig. 2. The surface of 
the particle in samples B and F is much rougher than that of other samples. There are 
many humps on the surface of the particle. Sample C is different from others because its 
particle size is much smaller than that of the others. In the other samples, the smooth 
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surface, which forms during the crash, is clear. 

If the average value of the specific area increase is assumed 6.5 times ((3+10)/2=6.5), 
then the effect of the roughness on the increase in specific surface area can be 
calculated roughly as 9.47 for sample B (61.6/6.5=9.47 from Table 10) and 3.70 for 
sample F (24.1/6.5β3.70 from Table 10). According to the mathematical models, such 
as Eq, [8], there are about 1-3 layer humps on the particles. 

Fig.2 Morphology pattern of the particles 

Conclusions 

The characterization of roughness of the particle was discussed in the current study. 
The conclusions are summarized as follows: 

The roughness of the particle apparently influenced the specific surface area. The 
effects were roughly evaluated by the model. The shape of the particle can enlarge the 
surface area by 3-10 times for the samples used, and roughness can enlarge the surface 
area 4-10 times on average. 
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Abstract: 

B, Ti, Ag, Al and Cu substituted hydroxylapatites were synthesized via precipitation method. 
Then the samples were air-sintered at 1300°C for 2 hrs and characterized with XRD, SEM, 
FTIR, and cell adhesion behaviors. 

Introduction 

Synthetic hydroxylapatite (HA, Caio(P04)6(OH)2) has a similar composition and structure to 
biological apatite. Therefore, it has been safely and extensively used as an implant material 
for bone substitute. However, synthetic HA has been used for a various applications including 
medical or non-medical applications, such as matrices for drug release control, bone cements, 
tooth paste additive, blood purification agent, monolithic implants or coatings on metallic 
implants, packing media for column chromatography, gas sensors, catalysis and host materials 
for lasers and luminescent materials, etc. [1-9]. 

The major factors affecting the performance of HA on these applications are crystal 
morphology, density, porosity, pore size and distribution, chemical composition, and surface 
structure. As provided by the high flexibility of the apatite structure a great variety of cationic 
and anionic species can be substituted into HA structure which is specifically considered as an 
effective method to modify the properties of HA [10,11]. 

The objective of the current study is to develop a better understanding on the structure and 
behavior of the B, Ti, Ag, Al, Cu substituted HA. In order to do this, samples were 
synthesized by precipitation method, and sintered in air at 1300°C. Subsequently, the 
materials were characterized by X-ray diffraction (XRD), Fourier transform-infrared 
spectroscopy (FT-IR), scanning electron microscopy (SEM). 

Experimental Procedures 

Synthesis of titanium-substituted apatites 

Pure HA and Ag, Cu, Al, Ti-doped HA were synthesized with precipitation method [10]. 
Briefly, for pure HA synthesis, solutions of IM Ca(N03)r 4H20 and 0.6Μ (ΝΗ})ΗΡ04 were 
separately brought to pH 11-12 with concentrated NH4OH. The calcium nitrate solution was 
stirred vigorously at room temperature (RT), and the ammonium phosphate solution was 
added dropwise into this calcium nitrate solution to produce a gelatinous precipitate. The 
precipitated solution was stirred for 24 h at RT to form nano-grained HA. 
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Reagent grade tetraethyl orthotitanate (Fulka), Aluminum Nitrate, Acid Boric, Silver Nitrate, 
Copper Nitrate (Merck) were added into the calcium nitrate solution in appropriate proportion 
to synthesis the substituted HAs. Dopant molar incorporation ratios for Ca ions were chosen 
as 2 mol%. The stoichometric value of 1.67 for (Ca + Dopant)/ ratio was aimed to achieve in 
the HA after incorporation of dopant ions into Ca sites. Therefore, molar ratios of Ca ions 
deliberately added 2 mol% less than that of required for pure HA into the precursor solutions 
in order to compensate the difference with dopant ions. In other words, for 2 mol% dopant 
substitution into Ca positions, solutions of 0.98M Ca(N03)2*4H20 were used. The reaction 
mixture was centrifuged and washed repeatedly to remove the unreacted ammonia. Next, the 
sludge was filtered using a 0.2-μιη filter paper to form a sticky cake, which was then dried for 
at least 48h at 6@C. Dried cakes were crushed and passed through a 200-mesh screen to 
obtain a powder with particle sizes <75μιη in diameter. 

The powders of apatites were cold-pressed into cylindrical pellets under 150MPa pressure. 
Resulting pellets were about 1 cm in diameter and 3mm in thickness. Subsequently, the 
pellets were sintered in air at 1300°C for 2 h depending on the experimental protocol. After 
sintering, one surface of each pellet was polished with SiC paper and then with diamond 
powder. The surfaces were finished with a 0-1 μιη diamond solution. 

Materials characterisation 

Lattice parameters (a and c) and phases present in the HA were determined with X-ray 
diffraction (using a Philips type PW2273/20 diffractometer). The structure of HA is usually 
considered to be hexagonal, with space group P63/m. However, there is evidence for a variant 
HA structure that is monoclinic, with atomic positions that are close to those of the hexagonal 
structure. For our present purpose, we will consider the structure of HA to be hexagonal for 
lattice parameter measurements. Cu Kradiation (λ = 1.5406 nm) produced at 40 kV and 35mA 
scanned the diffraction angles (2Θ) between 20 and 70° at every 0.02» for 20 s. Diffraction 
signal intensity throughout the scan was monitored and processed with JADE software. 
Changes were calculated by subtracting the values of lattice parameters a and c of undoped 
from doped HA formulations. FTIR spectra of sample powders were recorded at room 
temperature on a PerkinElmer Fourier transform-infrared spectrometer using an ATR 
attachment. Grain size and porosity of the pure and substituted hydroxylapatite samples of 
this study were determined by SEM (Philips/FEI XL30FEG SEM Electron Microscope 
system), For the examination of the HA under SEM, it was etched in a 0.1-M lactic acid 
(Sigma) and coated with gold at RT. Samples were examined at 20 kV. Linear intercept 
method was used to determine the average grain size. Chemical analyses were performed on 
the samples sintered at 110°C for 2 h with the same SEM system in conjunction with the 
energy dispersive spectrometer. 

Cytocompatibility tests; 

Cell culture 

Human osteoblasts (bone-forming cells; CRL-11372 American Type Culture Collection) were 
cultured in Dulbecco's modified Eagle's medium (DMEM; GIBCO, Grand Island, NY) 
supplemented with 10% fetal bovine serum (FBS; Hyclone) and 1% penicillin/streptomycin 
(P/$; Hyclone) under standard cell culture conditions, that is, a sterile, 378C, humidified, 5% 
CÖ2/95% air environment. Cells at population numbers 6-9 were used in the experiments. 

Ostcoblast adhesion 
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All sterilized substrates listed in Table I were placed in 12-well tissue culture plates (Corning, 
New York) and were rinsed three times with sterilized phosphate buffered saline (PBS; a 
solution containing 8 g NaCl, 0.2 g KC1, 1.5 g Na2HP04, and 0.2 g KH2P04 in 1000 mL DI 
water adjusted to a pH of 7.4; all chemicals were from Sigma). Osteoblasts were then seeded 
at a concentration of 2500 cells/cm2 onto the compacts of interest in 2 mL of DMEM 
supplemented with 10% FBS and 1% P/S and were then incubated under standard cell culture 
conditions for 4 h. After that time period, non-adherent cells were removed by rinsing with 
PBS and adherent cells were then fixed with formaldehyde (Fisher Scientific, Pittsburgh, PA) 
and stained with Hoechst 33258 dye (Sigma); the cell nuclei were, thus, visualized and 
counted under a fluorescence microscope (Leica, excitation wavelength 365 nm and emission 
wavelength 400 nm). Cell counts were expressed as the average number of cells on eight 
random fields per substrate. Typical osteoblast morphologies were also digitally acquired. All 
experiments were run in triplicate and cell adhesion was evaluated based on the mean number 
of adherent cells. Numerical data were analyzed using standard analysis of variance 
techniques; statistical significance was considered at p < 0.05. 

Results 

XRD patterns of the samples are presented in Fig. 1. X-ray peaks of as precipitated phase 
show similarities to the JCPDS standard peaks of pure hydroxylapatite. The well defined 
peaks of all samples are also the indication of their crystalline structures. However, the wider 
peaks of Ag doped samples should be due to very small size of the precipitates and/or partial 
disorderness in the precipitates. The second wider peaks were belonged to B doped samples. 
No second phases observed in any of the samples. 

The hexagonal lattice parameters were calculated based on these two superimposed XRD 
patterns (Table 2). In all substituted apatites, both lattice parameters a in hexagonal structures 
for both superimposed data were larger than in pure HA, however, c were smaller in samples 
coded as Al, Al-Ti, Al-Cu, Ag-Cu, and B, and larger in Ag, Ag-Ti. On the other hand a 
decrease in the volume of unit cells of Al, Al-Cu, Ag, Ag-Ti was observe while an increase of 
those of Al-Ti, Ag-Cu and B was observed. 

The SEM photographs of the samples are given in Fig. 3. The average grain sizes of Al, Al-
Ti, Al-Cu, Ag, Ag-Ti, Ag-Cu, and B were 1.8, 3.6, 9.1, 2.7, 4.1, 3.6, 4.1 μηι, respectively. 

The FT-IR spectrum of the doped are presented in Fig. 3. The bands at 1090 cm-1, 1041 cm-1, 
and 960 cm-1 were assigned to P04

 3~ stretching [X-X]. There was a broadening of these in 
sample B, which may be a crystallinity compared to other samples. 

Cytocompatibility properties 

Osteoblast adhesion results are given in Table 2. It was found that all samples except Al 
doped one showed better osteoblast adhesion behavior than pure HA. The best result was 
observed on sample B. 

Discussion 

XRD results showed that all doped samples had similar crystalline structures as pure HA. All 
doped samples showed a different lattice parameters and lattice volumes than that of pure HA. 
The largest change in lattice volume was in Ag-Ti doped sample in the form of contraction. 
On the other hand the second largest volume change was observed in B doped sample in the 
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form of expansion. The grain sizes of the doped samples showed a spread but all are in the 
order of micrometer. The largest grain size was observed in samples Al-Cu while the smallest 
grain size was in sample Al. Osteoblast adhesion tests showed that sample Al has lower 
response than pure HA, however all other doped samples showed better performance than 
pure HA. The best result was on sample B. 
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Table 1: Abbreviation and composition of the compacts tested in the present study 

Sample 
reference 

HA 

Al 
Al-Ti 
Al-Cu 
Ag 
Ag-Ti 
Ag-Cu 
B 

Ca 
(Mol.%) 

10 

9.98 
9.98 
9.98 
9.92 
9.98 
9.98 
9.98 

P 
(Mol.%) 

6 

6 
6 
6 
6 
6 
6 
6 

Al 
(Mol.%) 

0.02 
0.01 
0.01 

Ag 
(Mol.%) 

0.02 
0.01 
0.01 

Ti 
(Mol.%) 

0.01 

0.01 

Cu 
(Mol.%) 

0.01 

0.01 

B 
(Mol.%) 

0.02 

Table 2: Lattice parameters, grain sizes, cell adhesion results and bacterial test results of the 

samples 

Sample 
reference 

HA 

Al 
Al-Ti 
Al-Cu 

Ag 
Ag-Ti 
Ag-Cu 

B 

a 

9,418 

9,4091 

9,4163 
9,4091 
9,4049 
9,3946 
9,3946 
9,4163 

Aa 

-
0,0089 

0,0017 
0,0089 
0,0131 
0,0234 
0,0234 
0,0017 

c 

6,884 

6,8881 

6,9018 
6,8949 
6,8785 
6,8813 
6,9361 
6,9223 

Ac 

-
-0,0041 

-0,0178 
-0,0109 
0,0055 
0,0027 
-0,0521 
-0,0383 

AV (%) 

-0,1332 

0,2183 
-0,0345 
-0,3617 
-0,5374 
0,2545 
0,5170 

Grain 
Size (μπι) 

2 

1,8 
3,6 
9,1 
2,7 
4,1 
3,6 
4,1 

Cell 
Adhesion 
(cell/cm2) 

1490 
1395 
2027 
2591 
2730 
2068 
2487 
3311 
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Figure 1: XRD patterns of doped HAs: (a) AI, (b) Al-Ti, (c) Al-Cu, (d) Ag, (e) Ag-TI, (f) Ag-Cu, (g) B 

Figure 2: SEM patterns of doped samples: (a) AI, (b) Al-Ti, (c) Al-Cu, (d) Ag, (e) Ag-TI, (f) Ag-Cu, (g) B 
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Figure 3: FTIR patterns of doped samples: (a) AI, (b) Al-Ti, (c) Al-Cu, (d) Ag, (e) Ag-U (f) Ag-Cu, (g) B 
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Abstract 

Fine chromite ore is the common raw material to produce ferrochrome alloy through 
the submerged electric furnace process. The electric resistivity of fine chromite ore 
plays an important role in the operation efficiency because it determines the current 
distribution. The effect of particle size and the contact area of the particles on electric 
resistivity for several of chromite were investigated at room temperature, and the 
relationship between the electric resistivity of mixed particles and the volume fraction 
of lump ore to fine ore was also studied. The results shown that the electric resistivity 
increases with the increase of particle size, and the electric resistivity of mixture 
decreases with the increase of volume ratio of fine ore. 

Introduction 

Chromium is one of the most important alloying elements in manufacturing of 
stainless steel that used at high temperature and corrosive environment applications [1, 
2]. As the raw materials to be charged into the steel, ferrochromium alloys and charge 
chromium are produced directly by smelting of chromite ore with the reducing agent 
in submerged electric arc furnace (SAF). During the process, the oxides of chromium 
and iron were reduced by carbon and meanwhile the electrical energy were consumed 
[3, 4]. The ideal industrial process is to achieve high recovery level of Cr and Fe with 
minimal power consumption. In SAF process, the electric resistivity of charge stock 
has significant effect on the current distribution, which determines the heat 
distribution, molten bath structure and chemical reactions in the furnace. High 
resistance of the charge is desired to reduce the current distribution through the charge 
stock, thus the electrodes may insert into the charge stock with proper depth to form a 
high temperature arc heat source, and proper smelting can be realized[5]. 
China is lack of chromite resources, many companies have to import kinds of fine 
chromite from other countries all over the world. The electric resistivity of chromite 
changes a lot with the mineral constituents, chemical composition and particle size, 
etc. In this study, the effect of particle size and the specific contact area of the 
particles on the electric resistivity were investigated at room temperature. 
Furthermore, the relationship between the electric resistivity of the mixed particles 
and the volume fraction of lump ore to fine ore was also studied. 
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Experimental 

Conduct Mechanism 

Minerals and oxides are considered as semi-conductors. The electrical 
conductivity, ̂ (S.m'^is due to the diffusion of charge-carrying species, and can be 
expressed with the Nerst-Einstein equation[6], 

S^DzVn/KT (1) 

Where D (m^s"1) is the diffusion coefficient, zis the valence of the conducting 
species, Θ is the charge of the electron, n is the concentration of the conducting 
species, K(J.K"1) is Boltzmann constant and 7"(K) is temperature. Since diffusion is 
a thermally activated process, the electrical conductivity of minerals is classically 
expressed as [6-8]: 

T (2) 

In equation (2) 6{) is the preexponential constant and ^(J.mol"1) is the activation 

energy. In practice, the l/Γ factor in the preexponential term is often omitted when 

direct measurements of electrical conductivities are performed[6]. 

Experimental Materfate and gpheme 

The composition and mineral phase of the four kinds of chromites used in this study 
are shown in Table I and Fig.l. The main mineral phases in the chromites are similar, 
these mineral include MgCr204, Fe304, MgFeA104, (Mg,Fe)(Al,Cr)204, 
(Mg,Al)(Si,Fc)40io(OH)e. In order to study the effect of particle size on electric 
resistivity, the chromite was screened to different size range. In this study, four kinds 
of chromites were investigated. 

Table 1 The composition of the chromite ore 
Composition/% 

Ore A 
OreB 

OréC 
OreD 

TFe 
10.6 
11,0 
17.9 
9,4 

Cr203 

42.8 
38.6 

37.8 
41.5 

MgO 
17.5 
20.1 
10.3 
21.2 

CaO 
0.63 
0.61 

0.74 
0.74 

Si02 

8.0 
8.8 
8.1 
10.0 

A1203 

10.6 
10.4 
15.2 
6.2 

Cr203/FeO 
3.1 
2.7 
1.6 
3.4 
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Fig. 1 The XRD pattern for the chromite ore 

Sample C has the highest total Fe among the four samples while the other three are 
barely the same. The ratio of Cr2C>3/FeO of sample D is maximum, and that of sample 
C is minimal. For the mineral phases in the samples, sample A and sample C are 
similar; while sample B and sample D are similar. The sample A and C contains a 
little Al2(Fe,Cr)409, FeziCrO^IFfeO, respectively; and sample C and D has a little 
Mg3(Si205(OH)4). 

Experimental Apparatus 

The experimental apparatus is shown in Fig.2. In the experimental process, the 
samples were loaded in the organic glass tub. The upper and lower surface of the 
stock column was contacted with the graphite brick, and the electric resistance of the 
stock column was measured by the multimeter, and the height of the stock column 
was measured by ruler. The electric resistance was frustrated in the beginning, 30 
minutes was necessary for stabilizing the values measured. Once the reading on the 
multimeter was stable, the electric resistance and the height of the stock column were 
recorded. In order to eliminate system error, the dependency of the electric resistance 
on the height stock column was measured for each chromite, which is expressed as: 

R = pL/S (3) 

whereÄ(Q)is electric resistance, p(0 m)is electric resistivity, L(m)is height of 

the stock column, S (m2)is the cross-sectional area of the stock column. So the slope 

ofthefitlineof Rmd L/S is p. 
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Fig.2 Apparatus for the measurement of electric resistivity of minerals 

Results and Discussions 

Effect of Particle Size on Electric Resistivity 

Fig.3 shows the relationship between electric resistance and the height of stock 
column. The electric resistivity was obtained based on Equation (3). 

• 1 2 '**"■■ 20 24 

Height of Stock Column/cm 

Fig.3 The relationship between electric resistance and height of stock column 

Fig.4 shows the relationship between the electric resistivity and particle size of 
chromite. The electric resistivity of four kinds of chromites are different in the case of 
particle size is in the same range. For instance, when the particle size is less than 
0.2mm, the electric resistivity of ore A is the minimum while ore D's is the 
maximum» the electric resistivity of ore D is two orders of magnitude higher than ore 
A. The electric resistivity decreases with the decrease of particle size for each sample 
though the amplitude is different. There are abrupt decrease for the electric resistivity 
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of ore A and ore C when the particle size is less than 0.5mm and 0.2mm respectively. 
The electric resistivity of ore B and ore D change smooth with the change of particle 
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Fig.4 The relationship between electric resistivity and particle size 

The effect of particle size on electric resistivity owes to the contact resistance, which 
in turn is determined by the contact area between the particles. Thus, it is essential to 
investigate the influence of the contact area between particles on the electric 
resistivity. In this study, total specific surface area of chromite particles for unit 
volume was defined to characterize the contact area. The average particle size was 
used to calculate the specific surface area of chromite in unit volume. The shape of 
the particles was considered as spherical. 
It can be obtained From Fig.5 that the electric resistivity decreases with the increase 
of superficial area. The influence of contact area between particles on electric 
resistivity is obvious. The relationship between electric resistivity and superficial area 
of unit volume chromite can be expressed as follow, 

y = A x exp(-x / t) + y0 (4) 

In equation (4) A, t, / 0 are constant, / is electric resistivity, x is superficial area. 

Equation (4) can be written as Equation (5) based on Equation (2): 

p = pl x e x p ( - j r / / ) + p0 (5) 
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In Equation (5), p, p[t p0 may be interpreted as total electric resistivity, maximum 

contact resistivity and mineral characteristic electric resistivity respectively. The 

results show that pl and p0 are different for the different chromites, this is due to 

the contact resistivity depends on surface microstructure of particles and mineral 
characteristic electric resistivity depends on chemical composition and material phase, 
etc, 
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Fig.5 The relationship between electric resistivity and superficial area 

To interpret the relationship between electric resistivity and superficial area can be 
explained by Fig.6, which shows the equivalent circuit of different particle size 
chromite. From Fig, 6, it can be obtained that the total electric resistance is composited 
of Rm(chromite characteristic resistance) and ^(contact resistance). The contact 
resistance depends on contact area between particles in the cross-section of the stock 
column. The contact area is significantly influenced by the number of contact points 
between particles, while the contact points in a cross-section depend on particles size. 
As an illustration, as shown in Fig.6, the number of contact points changes with the 
decrease of particle size from one to infinitely great in cross-section A. For another, 
that the total electric resistivity equal to mineral characteristic electric resistivity when 
superficial area is infinite based on Equation(5), that meet the above analysis well. So 
the particle size of chromite has a significant effect on the electric resistivity of fine 
chromite. 
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Fig.6 Equivalent circuit of different particle size chromite (Rm: chromite characteristic 
electric resistance; I^: contact resistance; x:superficial area) 

Effect of Volume Fraction of Lump and Fine 

A high electric resistance is beneficial in the SAF process, and small particle chromite 
has lower electric resistivity. Therefore, it is necessary to study the effect of volume 
ratio of small particle on the electric resistivity of mixture stock. In this study, the ore 
D was screened into fine ore and lump ore, where, the particle size is less than 0.2mm 
and in the range of 5-10mm respectively. Fig.7 shows the dependency of the electric 
resistivity on the volume ratio between the fine ore and lump ore. It is obvious that the 
electric resistivity of the mixture decreases with the increase of fine ore, and the 
relationship agree with equation (5) well too. It indicates that the electric resistance of 
the burden can be improved by changing the distribution of the particle size. 

y«A*exp(-xft) + y 0 

y 0 « 516517: A * 23683974t t * 5.41 

»0.96672 
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Fig.7 Effect of volume ratio of fine ore and lump ore on electric resistivity 

Conclusions 

1. The electric resistivity of chromite decreases with the decrease of particle size and 
with the increase of the contact area. 
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2. The electric resistivity of the mixture of fine ore and lump ore decrease with the 
increase of volume ratio of fine ore. 
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Abstract 

Manganese ore fines, generated during mining and transportation, can not be added 
to the submerged arc furnace directly as they will prevent even gas flow through the 
burden. Low gas permeability in the burden will lower the degree of pre-reduction of ore 
and subsequently increase the carbon and energy consumption of the process. In order 
to utilize manganese ore fines in the furnace they are agglomerated into sinter, pellet or 
briquettes. The agglomeration process will however change the reduction properties of 
the ore. In this work the melting and reduction properties of sinter has been investigated. 

The melting temperature and melting mechanisms has been studied. The mineralogy 
of the raw ores and agglomerated has been found using XRD, and the composition 
established using EPMA(WDS). The effect of adding fluxes such as dolomite and quartz 
has also been investigated. 

Introduction 

Manganese metal is produced in a submerged electric arc furnace or in blast furnaces. 
The reduction of manganese oxide in blast furnace has in the recent years become more 
unusual due to the high consumption of reducing carbon material[5]. Manganese metal 
for alloying in steel usually contains silicon and iron, and are therefore called ferro man-
ganese and silicomanganese. 

During mining, transportation and handling the manganese ore is broken up into different 
size fractions. The larger lump are used directly in the electric arc furnace, but the finer 
materials can not be added without treatment. The fine ore can disrupt the flow of CO 
and CO2 gas through the burden, subsequently reducing the degree of pre-reduction. 
The fine fractions must therefore be agglomerated into larger lumps, in order to promote 
gas flow. This can be achieved through a number of different processes. The agglomerate 
used in this work has been sintered, which means that is has been partly molten and 
reduced, in order to create bigger lumps. 

Experiments 

XRD 

X-ray diffraction was performed om samples of the ore and sinter in order to determine 
the phase compositions of the unreduced materials. 
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Induction Furnace Experiments 

To investigate the melting and reduction of Gabonese sinter under more industrial like 
conditions a 50 kW induction furnace was used. A carbon crucible was used to contain 
the sample mix, The carbon crucible also acts as a heating element in the induction 
furnace. A coke layer in the bottom will work as the coke-bed in the industrial furnace. 
The charge mixture itself is a mixture of Gabonese sinter, dolomite/quartz and coke. A 
coke layer on the top works as insulation, and ensures that the charge is not re oxidized. 
An s-type thermocouple was placed inside a carbon tube which rested on top of the coke 
bed. Another thermocouple was placed on top of the charge mix. The thermocouple 
on top of the coke bed was used as a reference when controlling the temperature of the 
furnace. 

The composition of the charge mixture is given in tablel. In each experiment around 
1 kg of charge mixture were used. The size of the coke particles was 5-10 mm and the 
sinter and flux particles were sieved to 8-18 mm. 

Table 1; Charge composition in addition to 100g of sinter and final temperature of 
experiments 

Sample 
Dl 
D2 
D3 
D4 
Ql 
Q2 
Q3 
Q4 

coke* 
25 
25 
25 
25 
25 
25 
25 
25 

Quartz* 
0 
0 
0 
0 
35 
35 
35 
35 

dolomite* 
25 
25 
25 
25 
0 
0 
0 
0 

Temperature 
1370 
1450 
1510 
1570 
1300 
1390 
1460 
1500 

*Per lOOg of sinter 

The crucible was heated up to 1200°C where it was held for 30 minutes. This was done 
to ensure that the ore was completely pre-reduced before the last heating step. After 
the pre-reduction step the crucible temperature was increased 20 °C per minute until the 
target temperature was reached. The furnace is then shut down and the melting and 
reduction reaction stops instantly due to the endothermic nature of the reaction. The 
experiments were repeated with different target temperatures in order to investigate the 
temperature dependence of the reduction and melting. There will be a temperature 
between the top and bottom of the coke bed. The difference in temperature is around 
200°C during the holding time, and it decreases below 50°C when the whole charge is 
melted or reduced. After cooling the crucibles were filled with epoxy. A two cm thick 
vertical slice was cut out from the middle of crucible. These slices was used as a basis to 
determine the fraction of melted and reduced sinter. Cores were drilled out from selected 
areas of each crucible, and further studied using EPMA. 
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Results 

XRD 

The Gabonese ore contained around 30% nsutite (Μηθ2-χΟΗχ) and 53 % cryptomelan 
(ΚχΜη8Οιο) in addition to 12% of pyrolusite (Mn02)· The same composition was 
reported by [2]. The sinter consisted of around 45% of distorted hausmannite (Mn^O^). 
22% of tephroite {Mn^SiO^) and 10% of manganosite (MnO). Also there was 16 % of 
an undentified amorphous phase. In heat treated Gabonese ore (1200 °C for 4 hours in 
CO atmosphere) Sorensen et al. found 9.4% of an unidentified phase. 

Induction Furnace Experiments 

The experiments conducted with the induction furnace are listed in table 1. During the 
experiments the temperature on top of the coke bed was around 200 °C higher than the 
temperature on top of the charge mix. This temperature gap decreased when the amount 
of reduction increased. 

When the temperature was increased above 1200°C the sinter started to soften and melt. 
The melted and reduced sinter drained down into the coke bed. Three different categories 
were used to characterize the sinter; sinter with original shape, partially reduced sinter 
and melted and reduced sinter. 

The area fraction of the reduced sinter, partially molten sinter and sinter with original 
shape is given in figure 1(a) and 1(b). 

T«C) T(C> 

(a) quartz in the charge mixture (b) dolomite in the charge mixture 

Figure 1: Area fraction of unmelted, melted and reduced sinter as a function of temper-
ature for Gabonese ore 

Slizovkiy et al. [3] investigated the reduction of different manganese ores and sinters using 
the same S.C.I.C.E. technique used in this work. When the sinter is mixed with quartz 
the temperature needed for melting and reduction is lower compared to a charge without 
quartz. At 1450°C, without quartz, they found only around 40% of reduced ore compared 
to 90 % found in these experiments. The decrease in melting and reduction temperatures, 
with quartz, are expected from the phase diagram in figure 2(a) due to the increased 
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amount of Si in the charge. 

Fluxing with dolomite gave the opposite effect of quartz. The melting and reduction 
temperature seems to be around 150°C lower than the temperature observed in the 
quartz experiments. Xakalashe [1] has found the same temperature effect of dolomite 
and quartz using Gabonese ore instead of sinter. 

(a) (b) 

Figure 2: Ternary phase diagrams of MgO, S1O2, CaO and MnO from [4] 

EPMA Analysis 

EPMA was used to analyse green sinter. Hausmannite is found as a light phase with 
straight edges and sharp corners. The Manganosite was found closer to the edge of the 
sintered particle and had rounder sides and edges. The hausmannite and manganosite 
particles were separated from each other by a tephroite matrix which is the medium gray 
phase in the figure. The last phase, which could be the amorphous phase found in XRD, 
is a mixture of a dark phase and a dendrittic or lamellar light phase. Overall these two 
phases contain a high amount of potassium and some barium, indicating that the dark 
phase could be (kalsilite, kaliophilite(if A/SiC^)) and the light phase barium oxide. 

Figure 3(b) shows the interface between pure slag, and slag with dolomite. In the 
area with high concentration of dolomite the pure MnO phase is considerably more fine 
grained. By comparing the particle size in this interface to the hausmannite particles in 
the raw sinter, it is evident that the addition of dolomite reduces the particle size in the 
slag. The reduction of the size of these particle could lower the viscosity of the slag, and 
promoted the flow of slag into the coke bed. 

From the phase diagram it can clearly be seen that the melting point in (Mg,Mn)0 in-
crease considerably with increasing concentration of Mg. The phase diagrams 2(a) also 
shows that the olivine containing MgO has a higher melting point than tephroite. This 
indicates that MgO is important for the increase in melting temperature, and detrimental 
for the grain size of the solid MnO phase. 
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(a) SEM image of the interface be- (b) Interface between slag and 
tween sinter and quartz at 1200°C. dolomite. The dolomite is 

placed on top. 

Figure 3: Melting of sinter and dolomite. 

The interface between quartz and sinter differs from the gradual composition change 
of the dolomite/sinter interface. Several different phases can be identified in the in-
terface using EPMA. A SEM image from the interface between quartz and sinter is 
shown in fig 3(a). The phase closes to the quartz has the chemical composition of 
rhodonite ((Mn, Fe, Mg, Ca)SiOs) with mainly Mn. Between the rhodonite and MnO/SiMn 
slag, two phases can be seen; a dark phase with composition close to that of spessar-
tine (MnsAl2Si3Ois), and a light dendrittic phase with the composition of tephroite. 
The dendrittic structure indicates that parts interface zone was liquid at high tempera-
tures, and solidified into rhodonite, tephroite, and kalsilite/kaliophilite.The spessartine 
is enriched in aluminium, subsequently leaving the slag close to the MnO phase low 
in aluminium. The interface between quartz and sinter can also contain a phase rich 
in potassium. The composition of this phase in sample Q2 matches the composition 
of kslsilite(KAIS 1O4) and its high temperature polymorph kaliophilite. The presence 
of kaliophilite was predicted by Sorensen et al.[2] in Gabonese ore at 1000°C in CO 
atmosphere using factsage. 

Modeling 

The softening and reduction of manganese ore has been modeled by Slizovskiy et al. [3], 
determining the rate constants for softening and reduction of ore. The time dependent 
reduction can be expressed by the rate constant, the area of reduction, the activity of 
MnO in the slag, and the calculated temperature dependent equilibrium activity of MnO 
in the slag[5]: 

r, = h,redA(t)(aMnO ~ «MnO(eg)) (1) 

The rate constant is estimated from an Arrhenius equation: 
r̂  

h,red = k0jredexp(-—^) (2) 
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where &o(reá is a constant dependent on the ore, — E\ is the activation energy for the 
reduction, R is the gas constant and T the temperature. The area of reduction can 
be estimated by the amount of partly molten ore, since the contact area between solid 
particles are small. The amount of partly molten ore can also be expressed: 

ÖWsoft 
■ khsoftWo (3) 

St 
Where the rate constant of softening ore can be estimated from an Arrhenius equation: 

-E2 h,3oft = k0iaoftexp(-j^-) (4) 

Using the amount of softened ore found from equation 3 the area of reduction can be 
estimated: 

a{t) ^~T7- —rr-dt (5) 
Pore Vp J Ot 

where pore is the density of the ore, Vp is the volume of one ore particle and SP is the 
surface area of one ore particle. 1 is the reacting coefficient which is assumed to 0,33 in 
these calculations. If equation (3) is inserted into equation (5) the resulting equation 
can be expressed as: 

o(0 = ~ ¡ r / ko,softexp(^)dt (6) 

where Dp is the diameter of an ore particle. Some assumption has to be made in order 
to use this model: 

• The density of slag and ore is equal and constant during softening and reduction 

• The ore particles are all spherical with the same diameter (15mm) 

• The contact area between softened ore and coke is one third of the total surface 
area of the ore(1=0,33) 

• There is always solid MnO present in the slag and the activity of MnO in the slag 
is unity 

• The equilibrium activity of MnO in the slag is calculated from the equilibrium 
constant 

The values fco.red» ko,aoft E\ and E2 were found by comparing the model to the experimen-
tal results. The values where fitted by minimizing the squares of the difference between 
the model and experimental results. 
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Figure 4: Comparison between model and experimental results 

The values found for ko,red, ^o,soft E\ and E2 is given in table 2 

Table 2: Parameter for modeling of reduction and softening 
Sample &o,eo/t -̂ 2 ô.red -Εα 
Gabonese sinter and quartz 7,00·1012 409 1,37· 1011 350 
Gabonese sinter and dolomite 2,50 -1014 485 2,40 · 1011 395 

Discussion 

Slizovkiy et al. [3] investigated the reduction of different manganese ores and sinters 
using the same S.C.I.C.E. technique used in this work. When reducing Gabonese sinter 
at 1450°C they observed that around 40% of material was reduced. In this work it 
can be seen that adding quartz increased the amount of reduced sinter to 90 %. The 
decrease in melting and reduction temperatures are expected from the phase diagram 
in figure 2(a) as the Si conent in the charge increases. Likewise the amount of reduced 
sinter at 1450°C with dolomite in the charge were only 12%. The inceased meltingpoint 
of sinter when dolomite is introduced can also be seen from the phase diargam. The 
inceased melting temperature will dercrease the contact area between sinter and coke, 
subsequently decreasing the reduction rate. 
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The difference between the interfaces quartz/sinter and dolomite/sinter is clear. Whereas 
the calcium and magnesium seems to have diffused in to the partly molten sinter, the 
quartz/sinter interface seems to have been completely liquid. The dendrittic growth of 
the spessartine indicates that the interface has been liquid already at 1200°C. In the 
case of the dolomite interface it seems like the sinter melts first, and then penetrates into 
the cracking dolomite. 

Comparing the parameters for the modeling with those obtained by Slizovski et al. it 
is clear that adding dolomite will change the parameters k0,soft and E2 closer to that of 
assmang ore, which is high in CaO, than Gabonese sinter. The values k0,BOft and E2 for 
the experiment with quartz is close to those for sinter alone found by Slizovskiy et al. 
The values found for /c0,red varies more from those found by slizovskiy, but this could be 
due to the fact that they had a fixed value for E\. 

Conclusions 

• The sinter has a larger melting interval compared to the ore, which could be ex-
plained by melting temperature difference between the low temperature melting 
phases of tephroite/rhodonite, and hausmannite. 

• Addition of quartz lowers the melting temperature with around 100 °C. Several 
distinct phases are observed in the quartz sinter interface, indication that it has 
been completely liquid. High quartz content also lead to lower activation energy 
for melting and reduction. 

• Dolomite has the opposite effect, rising the melting temperature with around 100 
°C. The activation energy for both softening and reduction will increase with 
increasing dolomite content, which leads to slower reduction. 

• Areas with dolomite has finer solid MnO particles in the slag. 
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Abstract 

This paper presents the results of the manufacturing ceramic pigments with spinel structure, using 
methods of synthesis of low temperature. In this work we obtained spinel structures type by the 
methods of Self-combustion, Coprecipitation, Microemulsion, Gel citrate and Pechini. These methods 
become an attractive alternative to traditional method (ceramic method), since we can work at a lower 
temperature, reducing manufacturing costs, lower fuel consumption, less wear on equipment and other 
environmental and economic implications. Also it is possible to have control over features such as 
stoichiometry, morphology of the products, reaction times and structures. The products obtained by 
these routes will be used in the manufacture of ceramic pigments and characterized using different 
techniques such as X-ray diffraction (XRD), scanning electron microscopy (SEM) and UV-VIS 
spectrophotometry. 

Introduction 

Spinels are ternary oxides AB204, where A and B are cations occupying tetrahedral and octahedral 
positions respectively. These oxides exhibit interesting electrical, magnetic and catalytic properties [1-
4], depending on its nature, charging and intrinsic distribution of ions [5]. 

The most widely used method to prepare spinels has been through solid state reaction, which consists 
of mixed oxides at high temperatures [6, 7]. In the last years, there have been a strong tendency to use 
chemical routes for the synthesis of crystalline ceramic particles at low temperatures [8,9]. 
Unconventional methods currently employed for the synthesis of complex oxides are Gel citrate 
method, Pechini, Spontaneous combustion, Microemulsion and Coprecipitation. Pechini method [10, 
11], based on polymeric precursors, does not require high temperatures and allows stoichiometric 
control for greater reproducibility. This method involves the formation of a polymeric resin between a 
metal quelate and polyhydroxy acid of alcohol by polyestirification. 

Coprecipitation is important for many environmental problems related to water resources, including 
acid mine drainage, migration of radionuclides in waste repositories dirty, transport of contaminant 
metals in the industry, metal concentrations in aqueous systems and the technology of wastewater 
treatment. The coprecipitation process can vary in each case; the partition in the solid phase can be 
carried out by surface adsorption, ion exchange, surface precipitation, occlusion and formation of 
solid solution. The formation of solid solution is the result of structural incorporation of the marker in 
structural support sites resulting in a minor component in the solid solution with the host phase that 
has a very low solubility of pure solid [12]. Synthesis by gel citrate method allows the use of a route 
to obtain ceramic pigments from a very simple experimental system in which the stoichiometric 
control, the size and shape of the particles and the purity of the phases obtained can be controlled 
more accurately [13]. 

This study is focused on the preparation of solid solutions of spinels with chromium ACr204, (A is a 
cation that can be iron, zinc or calcium), and iron and zinc ferrite ZnFe204 by citrate gel method, 
Pechini and coprecipitation assisted by ultrasound, in order to show the advantages of using 
unconventional methods to obtain spinel structures which are used as ceramic pigments. They were 
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characterized to determine structure by XRD, morpholgy by SEM and reflectance by 
spectrophotometry VIS. 

Methodology 

For the synthesis of spinels we worked with chromium and iron structures known as chromites and 
forrites, They were: Ζ η Ο Λ , FeCra04, ZnFe204 and CaCr204. These structures were synthesized by 
different methods and had the following procedures: 

Gel Citrate Method 

We prepared two solutions; For the first solution were weighted 5.25g of Ca(N03)2.4H20 (Merck) 
99% purity, 19.23 g Cr(N03).39 H20 (R-A Chemicals) 98% purity, and a solution was prepared in 
distilled water. For the second one 9.04g of citric acid mono-hydrated (C0H6O7H2O Panreac) 99% 
purity were weighted and dissolved in distilled water. The two solutions were mixed while stirring 
until leaving to form a homogeneous mixture, the pH was raised to 8 with ammonia solution 26%, the 
temperature was slowly increased until 80 ° C to the formation of a gel. Temperature was slowly 
increased until self-combustion reaction occurs at 175 ° C. Finally, the obtained powders were milled 
and calcined at 700° C for óh. 

Cöpredpitation Assisted bv Ultrasound. 

Raw materials used were iron FeCl3.4H20 63% (Panreac), zinc ZnCl2 97% (Carlo Erba) and 
chromium chlorides CrCb.oFiiO 97% (Merck) as precursors. These salts with an aqueous solution 
were prepared using distilled water at a temperature of 70'C. This solution was added drop wise to an 
aqueous solution containing NaOH, 99% (Merck), for pH regulation with respect to pH, KNO3 as 
oxidizing agent» 99% (Mallinkrodt), also at a temperature of 70°C with vigorous stirring and 
permanent for several minutes. The solution was carried to the ultrasound machine and leaves it for an 
hour, then allowed to stand a few minutes and proceeded to vacuum filter. The precipitate is washed 
with water and ethanol to remove soluble salts and filtered again; this proceeding was done repeatedly 
until no traces of salts. We proceeded to dry in an electric oven at temperature of 95-100°C for 12 
hours and finally subjected to a heat treatment for 8 hours at 800°C. The ramp was made to a scale of 
5°C per minute. 

tehiniM^tJiod 

Citric acid (18g, Carlo Erba) was weighed and was dissolved in distilled water at a constant stirring, 
then slowly increases the temperature between 60 and 70CC. After 13.54g was added iron chloride 
(Carlo Erba). A salt of Zn (5.65g, Carlo Erba) was added, these cations are complexed with citric 
acid. The dissolution of the salts increase the temperature to 90°C then it was added 12 g of ethylene 
glycol (Carlo Erba) to perform the polyesterification reaction. The reaction was terminated with the 
formation of a transparent resin. Subsequently, the resin is heated to 300°C for lh (primary 
calcination) allowing partial decomposition of the gel forming polymeric resin and expanded material 
consisting mainly of semi carbonized. After the first calcination the organic wastes rich powders were 
fired at 900 °C for óh. 

X-ray diffraction (XRD) was performed in order to determine the crystalline phases that are present in 
each of the samples on a PANalytical diffractometer brand, model XPert-Pro, using Cu Ka radiation 
of 1.54060 Á, from 4 to 75°, at a rate of 0.02°/min and 400 cps. 

To observe the morphology of the samples we used a scanning electron microscope JEOL model 5410 
mark by retro projected signals and secondary electrons. The reflectance spectra and colorimetric 
coordinates were measured with a spectrophotometer UV VIS IR Glacier TM X with lineal 
arrangement CCD, range from 200nm to 1025nm, using an illuminant D65 CIE and the ASTM 

156 



E1349-06 [16], standard observer CIE 1964 and geometry 0°:0°, software is BWspec 3.26. In Table 1 
is shown the nomenclature and the conditions of preparation of the samples that were characterized. 

Results and Discussion 

Gel Citrate Method 

Figure 1 shows the phase formation CaCr204 through gel citrate method, there is a high purity of 
phase, there are peaks corresponding to low intensity Cr203. 

Figure l.CaCr204XRD 

SEM results shown in Figure 2, note that a 10000X is possible to see some small and regular particles. 
Particles are clearly di: 

Figure 2. SEM for CaCr204.10000X 

Figure 3 shows the diffuse reflectance spectrum for CaCr204, it shows a reflectance band 
characteristic of green (510 - 550 nm). 
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Table 1. Nomenclature and condition of samples. 
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Reflectance spectrum for CaCr204. 

Wavtlength (nm) 

Figure 3. Reflectance spectrum for CaCr204. 

Coprecipitation Assisted bv Ultrasound. 

Two structures were prepared by this method ZnCr204 y FeCr204. 

Figure 4 shows crystalline structure of ZnCr204 without secondary phases. Peaks are adjusted at 
similar intensity. It means that this method is correct to obtain this structure. 

v$ 1 4 i i i 

Figure 4. Indexed peaks of ZnCr204 

SEM results shown in Figure 5, note that a 5000X is possible to see different crystals and some small 
particles that may be traces of salt that was not removed. Particle size distribution is about 1 to 3 
micrometers. Particles are clearly distinguished and also shows a good homogeneity. 

Figure 5. SEM for ZnCr204. 5000x 

Reflectance curve (Figure 6) shows that has a reflectance maximum of 20% and most notable peaks 
of the curve arc at 450 nm, a maximum in 530nm and another at approximately 630nm, indicating that 
the predominant colors are green and yellow respectively. 
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In Table 2 is shown colorimetric coordinates. It shows that the coordinate a* is negative which 
indicates a hue green. Coordinate b* is positive, it means yellow, thus resulting in a grayish hue that is 
shown in Figure 7. 

Reflectance Spectrum 

25.00 

20,00 

* 15.00 

£ 10,00 

Wavelengthjnm) 

Figure 6. Reflectance spectrum for ZnCr204. 

Table 2. Colorimetric coordinates L*a*b* ZnCr204. 

Figure 7. ZnCr204 pigment 

Figure 8 shows the peaks of the diffractogram FeCr204. There are two main crystalline phases, iron 
chromite and FeojCruOß. 

FeCr204 

:ι:::::.:: 

r*crjo* 

» a 

1 I 

i I i i 
« ■ ::::::*: 

1 1 

Figure 8. Indexed peaks of FeCr204 

In Figure 9 is possible to see that there is formation of agglomerates, they show that has a 
homogeneous chemical composition. 

159 



Figura 9. SEM for FeCr204. 5000X 

Figura 10 shows the reflectance spectrum. This curve gives an indication of the behavior of the 
pigment. This curve not exceeding 10%, that is dark and also shows the highest peaks are between 
450 and 500 nm which is the presence of blues and the rest shows no more lengths dominant wave, 
but covers them all. 

Reflectance Spectrum 

Wavelength (nm| 

Figure 10. Reflectance spectrum for FeCr204. 

Table 3 shows the colorimetric coordinates of the pigment. It shows a low brightness and presence of 
blue hues as seen with the coordinate b * that is negative. 

Table 3. Colorimetric coordinates L*a*b* FeCr204. 

16,091 
9,158 
-8,784 

Figure 11 shows FeCr204.pigment obtained by coprecipitation assisted by ultrasound method. 

» 

Figure 11. FeCr204 Pigment 
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Pechini Method. 

Figure 12 shows the diffractogram for the pigment obtained by Pechini method at a temperature of 
900°C. There occurs the formation of spinel phase ZnFe204 and the phase formation hematite Fe203, 
which have a maximum of intensity characteristic of the spinel to 29=35°. 

Figure 1Z.XKD tor ZnFe2U4 Pechini method at yuirC 

Figure 13 shows the SEM micrograph that shows the formation of agglomerates and octahedra which 
are the characteristic shape of the spinel structure, with particle sizes of about 1 micrometer. 

Figure 14 shows a high reflectance in the yellow and red region of the spectrum, which are 
complementary colors at purple and green regions, respectively, showing a dominant wavelength of 
about 678nm. 

Table 4 shows a high luminance (L*) but low colorimetric coordinate a* and b* positive, which 
shows its low saturation. These coordinates show the red and yellow components, respectively. 

Figure 13. SEM of ZnFe2Q4 5000X 

375 475 575 675 775 

Wavelength (nm) 

Figure 14. Reflectance spectrum for ZnFe204. 
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Table 4. Colorimetric coordinates L*a*b* ZnFe204. 

Conclusion 

By using the coprecipitation assisted by ultrasound method get chromites of zinc and iron with the 
right stoichiometry and structure, although in iron chromite there is a formation of a second 
crystalline phase and agglomeration occurs more than in the zinc chromite. CaCr204 phase was 
obtained through the gel citrate method lower temperatures than required with traditional method. 

ZnFe2Ö4 ceramic pigment with spinel structure was obtained by Pechini method which shows that 
with the alternative method results in a good homogeneity in chemical composition. On the Pechini 
method is also observed regularity in particles, but at 900°C results in a well-defined morphology and 
no agglomeration, 

Finally we can say that unconventional methods are a good alternative for the production of ceramic 
pigments and more specifically those with a spinel structure as shown throughout this work, and also 
obtained at temperatures below 1000°C, where traditional methods are not met to form such structures 
and also obtained good morphological and colorimetric conditions. 
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Abstract 

Porous ceramics have been extensively investigated as structural materials for flow of fluids in 
many applications, such as filters for molten metals, water purification and hot gases, thermal 
protection systems and heat exchangers. This class of material must have two special features: 
high permeability and mechanical strength. However, these parameters are influenced in 
different ways by the processing method and the consequent cellular structure. In this work two 
different types of commercial ceramic filter materials are investigated. Characterization included 
the evaluation of the strength values as well as the permeability behavior and microstructural 
analyzes of the surface fracture. The results indicate that the strength values are strong 
dependent on the filament defects. 

Introduction 

Ceramic materials with a cellular structure have been extensively investigated as structural 
materials for flow of fluids applications [1-3]. Microstructural aspects such as morphology, size 
of the cell and the degree of interconnectedness are mainly parameters that influence the 
properties of these porous materials [4-6].The most used industrial process to produce cellular 
ceramics for filter application is the polymeric sponge replication method. This technique 
consists in dipping the polymer foam into slurry containing an appropriate binder and the 
necessary ceramic materials, followed by a heating treatment [2,5], 

Mechanical properties of cellular ceramics depend basically on cell size, degree of 
interconnectedness and density [1,2,5,8,9]. Materials used as filters required a good strength and 
also permeability values. These properties are inversely proportional to each other. Higher 
porosity increases permeability values but decreases the strength values [1,2,5]. The objective of 
this work is to study the strength resistance of a commercial porous ceramic material (10, 20 and 
30 ppi) based on silicon carbide. 

163 



Experimental Procedure 

Cellular ceramic materials with 10,20 and 30 pores per linear inch (ppi) tested in this work were 
supplied by Teehnicer, SP-Brazil. Samples were disks with a diameter of 30 mm. Mechanical 
tests were carried out in specimens with dimensions of approximately 30 mm* 15 mm* 10 mm at 
room temperature. The ceramic materials were also coated with a suspension containing Li20+-
ZrO;?+ SiCh, in order to improve the mechanical properties. Strength values (average five bodies 
for each value) were measured with a universal testing machine (Zwick-Roell) in four-point 
bending tests at a constant cross-head speed of 0.5 mm/min. 

Crystalline phases were identified by X-ray diffraction (Shimadzu XRD 600) in the 2Θ range 
of 10 to 90° with a 2Θ scanning rate of 2° min"1. The cell geometry and the macrostructure of the 
ceramic foams were characterized by optical camera and the struts and the fracture surface were 
observed by scanning electron microscope (Schimadzu). 

Permeability parameters were evaluated from airflow rate versus pressure drop measurements 
using the following equations; 

(Pi - Po)/ (2P0 L) - (μ vs) / ki + (p vs
2) / k2 (1) 

Where P¡ and Po are the absolute air pressures at the entrance and exit of the sample, 
respectively; vfi is the superficial fluid velocity; L is the sample's thickness and μ is the air 
density. The ki and ka values are known as Darcian and non-Darcian permeabilities, in reference 
to Darey* law. 

Results and Discussion 

A typical morphology of the ceramic materials investigated in this work is showed in figure 1. 
The materials show a homogeneous pore size distribution and the presence of some closed cells 
that can degrade the permeability behaviour. 

Figure 1. Morphology of the sample. 
Table I shows the permeability parameters. The values of ki and k2 are very useful to indicate the 
pressure drop of the fluid used to flow. The values founded in this work (Table I) are coherent 
with data presented in the literature [5] and indicated a strong dependence of the cell size and the 
permeability values. 
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Table I. Permeability values (ki and k2) of the materials used in this work. 

Nominal pore counting 

(PPi) 

10 

30 

ki[10"7 m2] 

9.42 

2,71,. 

k2[10-3m] 

6.20 

1.90 

Figure 2 shows the X-ray diffraction patterns of the ceramic material The ceramic material is 
constituted basically by silicon carbide. No other crystalline phases were founded. 
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Figure 2. X-ray diffraction. 

The effect of cell size and the coating treatment on the mechanical strength is showed in figure 3. 
The low strength values observed for all tested materials are related to the presence of macro and 
microdefects in the material such as triangular voids inside filaments (struts), internal 
microcracks distributed between the filaments and the pores and microcraks into the filaments 
(figure 4). As described in the literature [1,5] the strength of the cellular ceramic materials 
depends strongly of the presence and density of these defects. Figure 3 shows that the coating 
process realized in the ceramic materials has caused an increase in the strength values. 
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Figure 3. Flexural strengths values. 

Figure 4. Fracture aspects of the fracture without coating. 
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Figure 5 shows the fracture surface for coated and no-coated ceramic materials. It can be noted 
that the coated material shows a decrease of the cracks density on the surface of the filament. It 
may conclude that the LZSA material has filling the surface cracks, improving the strength 
values of the material. 

Figure 5 Fracture aspects of the fracture: a) No coated b) coated one time and 
c) coated two times. 

Conclusions 

Commercial cellular ceramic materials with 10, 20 and 30 ppi were analyzed. The results 
obtained in this work how that the ceramic material is constituted mainly by silicon carbide. All 
materials show the presence of macrodefects (triangular voids) and also microdefects into the 
filaments (craks and micropores) that causes the low strength values. Strength and permeability 
have shown an inverse dependence, as expected. The 40 and 10 ppi cell sizes showed higher 
permeability and strength values, respectively. The strength increase observed in coated samples 
is associated to the decrease of the cracks density. 
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Abstract 

Clays are common ingredients in pharmaceutical products both as excipients and active 
substances. Clay minerals are naturally cationic exchangers and they may undergo ion exchange 
with basic drugs in solution. Smectites, and montmorillonite have been studied due their high 
cation exchange capacity as compared to other silicates. Recently a patented study reports the 
use of attapulgite as the encapsulating agents both for the protecting the active substance and 
modulating release into the body. Some clays such as kaolinite, smectites, talc, etc are also used 
as dermatological protectors. Sepiolite and smectites have the ability to form complexes with 
organic compounds with absorb ultra-violet radiation, enabling them to be used in sun screens 
with protection factors. The objective of this work is to characterize the attapulgite in order to 
study the potential use of this clay material in the human health. 

Introduction 

Since the beginning of time, nature has served humanity as a source of various raw materials. 
Among these, clays such as kaolinite and ilitte are common ingredients in the tile production. 
Recently, special clay materials have been investigated in order to identify new potential uses of 
these class of materials. Clay materials are natural raw material and have excellent properties 
such as low toxicity, good biocompatibility, making them a good material to be used in 
biological applications. Attapulgite (paligorskite) and sepiolite is so called special clays. These 
special clay materials are very similar and have a great potential to be used in some technological 
areas due their special catalytic, sorptive and colloidal-rheological properties [1-8]. Recently 
some works have reported the use of these special clays materials for many applications such as 
drug delivery, wound dressing, oil absorbent, pesticides, fertilizers [9-12]. Brazil has a 
significant reserve of attapulgite located in Piaui state, making the study of the potential of this 
mineral in special areas, very attractive. Attapulgite is classified a fibrous aluminous silicate 
material and shows the presence of micropores and channels, fine particle size and high surface 
area making this material a good candidate alternative material to be used in many industrial 
applications [6,8,9,11,12]. The objective of this work is to characterize the physical and 
microstructure of attapulgite. 
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Experimental Procedure 

A typical attapulgite clay material from Teresina-Pi, Brazil was collected directly from the 
industry. Paligorskite (attapulgite) is used today in Brazil only in domestic application. The clay 
material was physically characterized. The characterization included chemical composition (X-
ray fluorescence (XRF), Shimadzu EDX-700), mineralogical composition (X-ray diffraction 
(XRD), Shimadzu XRD-60) and thermal behavior (differential thermal analysis (DTA), 
Shimadzu DTA-50, and thermogravimetric analysis (TGA), Shimadzu TGA-51). Crystalline 
phases were identified by X-ray diffraction (Shimadzu XRD 600) in the range of 5 to 70 ° with a 
2Θ scanning rate of 2° min'1. Morphology and microstructural aspects of the attapulgite were 
observed by a transmission electron microscopy (Philips). 

Results and Discussion 

Table I gives the chemical composition of the attapulgite investigated in this work.. The 
attapulgite is very similar to other clay materials and shows the expected typical composition: 
rich in silica and alumina (minor contents of Mg, Ti, Ca, Na and K oxides), accompanied by 5.1 
wt, _% iron oxide. 

Table I. Chemical composition (wt.%, XRF) of the attapulgite material investigated in this work. 

Attapulgite 

Si02 

67.7 

A1203 

12.9 

Fe203 

5.1 

K20 

5.4 

CaO 

0.6 

Na20 

0.2 

Ti02 

1.0 

MgO 

... 
BaO 

... 
p2o5 

... 

so2 

0.2 

Figure 1 shows the X-ray diffraction patterns of attapulgite. It can be seen that the clay material 
contains quartz and attapulgite peaks, and minor amounts of dolomite, which is in agreement 
with the chemical results presented in table I. 

Figure 2 shows the thermal analyses of attapulgite. The material shows some weight loss that 
could be associated with water loss, adsorbed water loss, structural water loss and volatile 
elements. 
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Figure 1. X-ray diffraction pattern of attapulgite. 
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Figure 2. Thermal analyzes of attapulgite. 

Figure 3 shows the microstructural aspects of the attapulgite. The transmission electron 
microscopy enables to see that the microstructure of attapulgite is fibrous and is formed by 
microchannels. The microstructure of attapulgite is very similar to sepiolite [1,3,9]. Both 
materials show a fibrous structure with channels running parallel to the fiber length. The fibrous 
of attapulgite are very fine, showing a diameter of approximately 50 nm. The presence of 
micropores and channels in attapulgite and sepiolite together with the fine particle size and 
fibrous structure are responsible to the high surface are of these materials [1,9]. 
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Figure 3. Microscopy electronic of transmission of attapulgite. 

Conclusions 

A commercial clay material was analysed in this work. X-ray diffraction results have identified 
the attapulgite as the main crystalline phase. The morphology of attapulgite shows a fibrous 
structure with the presence of channels, very similar to sepiolite. The results obtained in this 
work show that the attapulgite (paligorskite) has a similar microstructure and properties to that of 
sepiolite, clay used in many branches of industry, because of its technological properties. Results 
indicate the viability of the application of attapulgite in pharmaceutical field. 
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Abstract 

For steel investigation and development, exact knowledge about the microstructural state is 
required. The information gained from 2D images often can't properly reflect the real 3D 
microstructural properties. In order to gain reliable information for meaningful models, 
simulations and correlations, it is necessary to accompany standard metallography with 3D 
information, which, unfortunately, is very difficult to access. This article presents a procedure for 
serial sectioning in combination with light optical microscopy. Only standard metallographic 
tools are employed in combination with image manipulation freeware. 3D microstructural data 
were extracted from three multiphase steel grades and in two cases virtual 3D-models of 
microstructural phases were generated. 

Three Dimensions Of Microstructures 

Since the invention of steel, craftsmen, inventers and engineers tried to improve its properties 
and tailor them to the requirements of new developments. For systematic development and 
enhancement of steels, the capability to investigate its inner structure is highly important, 
because it represents the linchpin between material production 
and properties. By having an in-depth understanding how 
production conditions form the microstructure and also how the 
microstructural state determines the material properties, steel 
design can be drastically improved. With this knowledge, 
microstructures can be designed to provide target material 
properties and process conditions can be identified that form 
these structures. Due to the key role of microstructure, the 
capability to gain accurate information about it is Figure 1: 2D cut through an 
indispensable. It is the task of metallography to access and unknown simple 3D structure 
extract descriptive quantitative microstructural data like fractions, sizes, shapes and distributions 
of the different constituents. The most commonly used investigation tool in metallography is the 
light optical microscope (LOM). Besides this tool, additional high resolution techniques like 
Scanning Electron Microscopy (SEM) or Transmission Electron Microscopy (TEM) have 
become increasingly important. With these and other available methods, extensive information 
on the microstructural state of a material can be gained. Unfortunately, most metallographic 
methods have a major loss of information systematically built in. Analyses of microstructures are 
usually performed on surfaces, i.e. on 2D areas that emerge by cutting through the 3D material 
structure. This means, a complete dimension of information is not taken into account. How 
serious this reduction of information is and how it can affect interpretation of structures is 
exemplarily demonstrated in figure 1, which displays the planar structure emerging from a 
random cut through a simple 3D structure. It is very difficult to deduce or even imagine the 
original spatial structure from which this projection emerged and it is impossible to reconstruct it 
with absolute certainty without further information. The image has emerged from a random cut 
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through a 3D structure of stacked cubes that is displayed in figure 2. The area shown in figure 1 
is outlined. Although artificially constructed, this example demonstrates how distorted and 
misleading the view on structures can become by 
ignoring a spatial dimension. 

The deduction of data on 3D structures from 2D 
information is task of the "stereology". Unfortunately 
this deduction generally provides an infinite number of 
possible solutions. For instance, a circular surface with a 
defined diameter can emerge by cutting through a 
sphere, a cylinder, a cone and other geometric bodies, 
which can also vary in size. Due to this problem, 
stereological methods are generally only applicable in 
metallographic analysis for constituents with defined 
and convex shapes [1]. In other words: In order to gain 
reliable information about the 3D properties of 
microstructural constituents from 2D analysis, it is 
necessary to know their general shape characteristics 
beforehand, The constituents must also have concave 
geometry, because otherwise they could be cut multiple times by a single plane and appear as 
several scperate constituents. As an additional constraint due to practical reasons, the general 
shape of constituents has to be isometric, because non-isometric bodies display a much larger 
statistical variety of appearances when cut from different angles [1]. These constraints limit the 
validity of analysis data gained from 2D-images for modern steel grades for several reasons. 
Modern steels often comprise complex microstructures with constituents of various shapes, often 
concave, that can't be abstracted by a single general geometry. What is more, the 3D shape of 
investigated microstructural constituents is usually unknown. Indeed, in most cases, even the 2D 
structure is unknown before the analysis is carried out. For these reasons microstructural 
analyses in 2 dimensions can lead to distorted data on size, shape, spatial distributions, 
connectivity, et cetera. In order to gain accurate data as input for correlations, models and 
simulations on phase transformation or microstructure evolution, it is necessary to access 
information on the 3D microstructural state directly. In the following section, available methods 
for this are briefly reviewed. 

Figure 2: 2D cut through a simple 
3D structure 

3D Analysis Techniques 

Serial Sectioning With LOM 
A straightforward approach to access the 3D microstructural features of a steel grade is "serial 
sectioning" which means to investigate the microstructure at the same sample spot in different 
depths by a stepwise removal of material layer between analyses. The resulting 2D image series 
are then combined with the depths data to provide 3D-information. For serial sectioning with 
LOM, material is usually removed by polishing and the microstructural constituents are 
contrasted by etching. Images are taken with a digital camera and afterwards analyzed by 
differentiating the colors of the constituents [2]. The distances between the layers can be 
measured by utilization of a Vickers hardness indent. This indent has the shape of a pyramid 
with a square basis. The angle between two opposite faces is 136°. The depth h of an indent can 
be calculated by the formula h=d/2*tan(a) with a=l 5,994° and d as the length of one diagonal 
[3]. In order to convert the 2D information layers into a 3D-data set, the images have to be 
exactly aligned to each other and stacked [4]. The free space in between the analyzed layers has 
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to be assigned to microstructural constituents. Usually, this is done according to the layer above 
or below. 

Despite the simple principle, there are several hindrances, when applying serial sectioning to the 
analysis of steel grades, especially of complex and multiphase ones. One major problem is the 
detection of microstructural constituents by etching and image analysis, which has to be highly 
consistent for all images of a series in order to provide usable data-sets. Because etching methods 
are highly sensitive to parameters like etching time, freshness of the solution, temperature and 
surface quality, the reproducibility and consistency of results is often limited [5]. It is very 
difficult to achieve consistent etching results for all images of a series. Image analysis can be a 
second hindrance, if different phases display similar spectral values [5]. These difficulties 
increase with rising microstructural complexity and decreasing constituent sizes [4, 6]. An 
additional major problem is the removal of surface layers of appropriate thickness and the 
measurement of the according distances between the image layers. In modern steed grades, 
microstructural constituents often have sizes on a μπι-scale or below. The distances between 
slices have to be accordingly small and their measurement accurate. Due to these difficulties, 
3D-LOM combined with serial sectioning was hitherto only applied to the investigation of 
distinct microstructural details and single phases, like the 3D structure of pearlite, the shape of 
cementite precipitations, the shape of proeutectic ferrite precipitates and the 3D-structure of 
single phase austenitic steel [7, 8]. 

Serial Sectioning. Usinz FIB 
Other popular approaches to serial sectioning employ a focused ion beam (FIB) for removing 
material layers of constant thickness by ion sputtering. This technique can for instance be 
combined with FIB-microscopy. In alternating sputtering and image taking steps, a series of 
images through a volume can be produced [9]. FIB-sectioning can also combined with other high 
resolution microscopy techniques - the most common approach is a combination with Electron 
Backscatter Diffraction (EBSD) measurements, which provide extensive crystallographic 
information for each measurement point [10]. The advantages of these approaches are their 
precision and the possibility to perform automated measurements. They also provide very 
consistent results and, in case of EBSD analysis, extensive microstructural data. The main 
drawback of these 3D analysis methods is the speed of data acquisition. First, the material 
removal is time consuming. Zaefferer reported a time consumption of about 15 minutes for each 
removal of a 20 x 20 x 1 μηι3 material volume by FIB sputtering in a low alloyed steel sample 
[11]. The measurement process consumes additional time, especially for EBSD measurements. A 
compromise between investigation volume size, measurement resolution and resource 
consumption including time has to be found. For an investigation volume of 30 x 20 x 5 μπι3 

with a resolution of 0,1 x 0,1 x 0,1 μπι3 (i.e. 50 slices), a measurement time of about 30 hours is 
reported [12]. This shows that covering a statistically significant investigation volume with 
sufficient resolution can consume enormous resources. Additionally, a high level of expertise is 
necessary for effective measurements and correct interpretations of the data. For these reasons, 
3D-EBSD at the moment does not have the potential to become a widespread analysis technique, 
but because the data gained are extensive, it is an excellent tool for information focused 
microstructural analyses of selected cases. Rowenhorst for instance investigated the 3D-shape of 
martensite crystals in a high-strength low-alloy steel [13] and Zaefferer investigated a variety of 
special microstructural configurations like the lamella structure of pearlite, nanocrystalline NiCo 
deposits and fatigue cracks in aluminum [12]. 
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Qtfar ?(? Imgging TfchnlqiM 
Other 3D imaging methods are available, but they do not meet the requirements for 
"micros-structure analysis. One technique is 3D Atom Probe, which can detect type and position 
of distinct atoms within an investigated material volume. Because measurements are performed 
on atomic level, this method is not applicable for structure analyses on a microscopic scale [14]. 
Another technique is X-ray computer tomography. X-ray projections from different angles 
provide information on position and density of absorbing structures in an investigated sample, 
which can be combined to reconstruct the 3D-volume. The high X-ray energy necessary for the 
examination of metallic materials results in a focal spot of a few micrometers at minimum. This 
is too large to identify grain boundaries and therefore proper microstructural analysis is 
impossible [15], 

Experimental Procedure 

A procedure for 3D investigations of multiphase microstructures with LOM has been developed 
based on the principles of serial sectioning. For the development, a cold-rolled 1mm thin sheet of 
Dual Phase steel was used, which consists of martensite and ferrite (steel 1). After completion of 
the routine, it was also used on two additional steel grades - one experimental steel with a 
bainitic-martensitic microstructure (steel 2) and a tool steel with vanadium carbides embedded in 
an austenitic matrix (steel 3). The chemical compositions of the steels are also listed in table I. 

Table j ; Investigated steel grades 
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3D metallographic data were acquired with LOM 
by repeated removal of surface layers from the 
sample by manual polishing with Ιμιη-dianiond 
paste and metallographic analysis of the emerging 
new surfaces. The distances between the analyzed 
surface layers were determined using a Vickers-
hardness-indent (HV1). For steel 1, the indent 
depths were determined for each layer in two 
ways: 1st by measurements of the indent diagonals 
and using the formula given above and 2nd with a 
confocal microscope, which allows surface 
topography measurements with a precision of 2nm 

Figure 3: Steel 1, layer 23: in vertical direction [16]. A new indent was set 
original image (b/w) and phase-ID layer after each four images, because edges and surfaces 

of the indents became blurred by etching and 
polishing, which hampered measurements. The 2 depth measurement data sets were evaluated in 
comparison to each other (see the discussion section). For steels 2 and 3, only diagonals 
measurements were employed. Measurements were also performed for each layer. After each 
polishing step, the microstructure was contrasted by etching with 3% alcoholic HNO3 dilution in 
case of steels 1 and 2. For contrasting the V-carbides in steel 3, Klemm color etching was used. 
The digital images were taken with a Leica DM 2500M light optical microscope at a 
magnification of lOOOx (resolution: 2048x1536 px) for steel 1 and 3 and 500x (resolution: 
2560x1920 px) for steel 2. A sample adapter was used to minimize rotation of the sample and to 
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ensure high congruence of the imaged areas. These steps were repeated the number of times 
listed in table 1 for the different steels. The digital images were processed using the free "GNU 
Image Manipulation Program" GIMP, version 2.6.7. They were manually aligned to each other 
and cropped to the largest area covered by all images. White balance and contrast of the images 
were adjusted for better results. For steels 1 and 3, the two present phases were separated using 
GIMP, creating phase-ID layers for all images with unambiguous assignment of areas to distinct 
phases as shown in figure 3. Utilizing a combination of the phase-ID layers with the distance 
data, virtual models of the phases could be reconstructed for steels 1 and 3 by developing 
appropriate routines in MATLAB. The details of phase separation and model development are 
not explained here, because this would be beyond the scope of this article. 

Results 

The number of layers investigated for each of the steel grades and the investigated volume sizes 
can be found in table 1. For visualization, the image series have been stacked in the measured 
distances using GIMP, as shown in figures 4(1.), 5 and 6(1.). For steel 1, a virtual volume 
element was created by combining the phase ID-layers with the layer distances, which represents 
the phase distribution (fig. 4(m.)). Also the ferrite grains were reconstructed using the MATLAB 
software (fig. 4(r.)). For steel 3, the carbides were reconstructed as visualized in figure 6(r.). 

Figure 4: Steel 1 - image stack (1.), RVE (m.), reconstructed ferrite grains (r.) 

There have been several hindrances to cope with in order to access 3D-metallograhic data with 
serial sectioning and LOM. These will be discussed in the following. 

Distance Measurements 
For steel 1, the layer distance data were acquired with two different techniques for comparison. 
The first was usage of a confocal microscope, which is capable of surface topography 
measurements with a precision of 2nm in vertical direction. The second was calculation of the 
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Figure 5: Steel 2 - image Figure 6: Steel 3 - image stack (1.), reconstructed carbides (r.) 
stack 

Discussion 
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indent depths from the indent diagonal 
lengths. The graphs in figure 7 show the 
averaged results of the two methods for 
the distances in steel 1 in comparison. The 
values clearly deviate due to several 
influences, which distort the two 
measurement techniques. The confocal 
microscope measurements were hampered 
because the measurement software can't 
automatically detect the deepest point of 
the intent. The manual detection leads to 

Figure 7: Surface removal failures in the range of 0,1 μπι for each 
measurement. Additional difficulties were 

introduced by noise, which often occurs near the indent tip and hinders a correct depth 
determination. 

For the geometric depth calculations from the indent diagonal lengths, one error source is the 
elastic springback of the indented material. The upper graph in figure 7 was calculated with an 
angle of 15,94° according to the HV-indenter geometry. But the material springs back due to its 
elasticity. Thereby the angle is reduced. For the investigated materials, springbacks between 0,6° 
and 1,0° were recorded using the confocal microscope. Without correction, the calculated layer 
distances are slightly increased. The failure in depth calculation increases with decreasing indent 
depth. Without knowing the true angle, it's advised to set new indents regularly in order to keep 
the error small. Another source of measurement deviations comes from the bulge of pushed aside 
material which occurs around each set indent. Without its removal, an error in height is 
introduced, because the indent is larger on top of the bulge than on ground level. Therefore for 
steel 1, the indent diagonals were measured only after the first polishing step under the 
assumption that the bulge would then be removed. However the upper graph in figure 7, which 
represents the accumulated depth calculations derived from these diagonal measurements, still 
shows above-average distance jumps when new indents were employed. Further investigations 
with the confocal microscope revealed that the bulge was not always completely removed with 
one polishing step, which increases the layer distance. The middle graph in figure 7 shows a 
recalculation of the indent diagonals values, with use of the true angle and correction of the 
bulge error. A third error source for depth values can be induced by the etching process if 
etchants are applied that remove material like e.g. Nital. The surfaces of the indents are also 
etched and deviations from the original shape occur, which increase with each additional etching 
step. The edges of the indents become frayed, which can result in increased measured diagonal 
lengths and a slight decrease of the calculated distances. 

The described effects can explain the deviations between the two depth measurement 
approaches. Apparently, for the indent-diagonals measurements, the distance increasing effects 
of the material springback and the indent bulge are dominant. These and the distance 
measurement failures during confocal measurement are the source of the deviations between the 
two approaches. The method using the confocal microscope is considered to be more accurate, 
but the diagonal measurements are much easier and faster to apply and the time saving is very 
high. This method was therefore applied to steels 2 and 3 with correction factors for the angle 
and bulge effects. 
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Imane Analysis 
Tn order to access the 3D information in multiphase steels, accurate and consistent phase 
detection is essential. For LOM, the standard method for phase differentiation is color-
thresholding. For highly contrasted phases like for steels 1 and 3, this approach usually provides 
sufficiently accurate results for single images. But for complete image series, this approach 
comes to its limits, because contrasting of microstructures based on etching is not a highly 
reproducible procedure. After etching, each image appears somewhat different in terms of color, 
brightness, contrast, shadows et cetera. This translates into little variations of the phase detection 
results. While this is no problem for the analysis of distinct image, in a 3D-stack the information 
in the image layers are mutually dependent and analysis inconsistencies can drastically decrease 
the quality of the final result. Standard color-thresholding is not capable to provide the required 
high level of consistency. Therefore, phase detection for steels 1 and 3 was performed with 
advanced image manipulation tools and techniques. The freeware tool GIMP was used for all 
necessary steps - alignment, quality improvement and phase separation. Sufficiently accurate and 
consistent phase separation was achieved for all images. 

3D Results 
The presented results show clearly the potential of LOM in combination with serial sectioning to 
provide 3-D metallographic data for multiphase steel grades. For steels 1 and 3, virtual 3D-
models of the microstructure were created. This type of microstructural data will provide 
unprecedented input for simulations and models. It can be used for investigations of 3D grain 
shapes, phase distributions and phase connectivity and will help to gain a better understanding of 
phase formations, phase transformations and correlations between different spatial 
microstructural configurations and material properties. 

The workflow of the presented procedure is simple, reproducible and employable with standard 
metallographic facilities. Several error sources have been identified, especially for depth 
measurements using indent diagonals. The creation of virtual microstructural models from this 
method heavily depends on the consistency of phase detections. But even without 3D-
reconstruction, highly valuable qualitative insights may be gained from stacked images. 

A comparison with the increasingly popular 3D investigation techniques using EBSD and FIB 
reveals that both methods could benefit from each other, because they cover different scales. The 
volumes covered by 3D-EBSD using FIB mentioned in literature have dimensions of about 
30x20x5 μιη3 (3.000 μηι3) up to 50x30x7 μηι3 (10.500 μηι3). The dimensions of the presented 
volumes are considerably larger in each dimension. The method is therefore capable to 
investigate large volumes and to provide statistically significant data, which is one to the major 
problems of the 3D-EBSD approach. On the other side, EBSD measurements provide much 
more detailed and higher resolved microstructural information. This allows much deeper 
evaluations of the material state than possible with LOM. Therefore, the two methods operate on 
distinct scale levels and can mutually complement each other with EBSD providing 
crystallographic details at high resolutions, which can be used to correctly interpret information 
on large scales provided by LOM. 

The presented results show clearly the problematic of applying stereology for the analysis of 
modern multiphase microstructures even for apparently simple cases like the ferritic phase in the 
steel 1 or the carbides in steel 3. The phase constituents miss all criteria required to derive 
reliable information on the 3D microstructural properties from 2D-images with stereologic 
methods, as their shapes are neither defined nor convex nor uniform. This shows the necessity 
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for direct investigation of microstructural information like 3D-grain sizes, -shapes, spatial phase 
distributions and phase connectivity of components. Apart from being necessary for the 
"understanding" of microstructures, these data are needed as reliable input for correlations, 
models and simulations on phase transformation and microstructure evolution. 

Conclusions 

A method for accessing 3D metallographic data based on serial sectioning and LOM was 
developed and applied to three multiphase steel grades. For the required determination of the 
layer distances, Vickers hardness indents were employed. In order to gain 3D-information, 
highly consistent analysis of all images is crucial. In the presented work, consistent phase 
separation was achieved using advanced image manipulation tools from the free software GIMP. 
Volumes between 88.000 and 1.770.000 μηι3 were investigated. These are considerably larger 
than those volumes reported in literature that were investigated with techniques capable of 
resolving structures small enough for the differentiation of grain boundaries. Virtual 3D models 
were created for two steels reflecting spatial phase distributions as well as shapes of phase 
constituents. 
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Abstract 

The most important characteristic of open-pored metals is porosity, since it enables all 
of their functional applications as filters or sound absorbers. Due to the notch effect of 
the pores, mechanical properties of porous metals are better than the ones of comparable 
structures made of polymers or ceramics. Consequently, only open-pored metals can be used 
in aircrafts to reduce flow noise or noise resulting from the core engine by acoustic absorption. 
Absorption properties depend highly on pore size and porosity of the material, which must be 
characterized as precisely as possible in order to analyze the correlation between morphology 
and noise reduction performance. Here, a line segmenting method is explained in order to 
characterize pore size and porosity of absorber materials using image processing based on 
two dimensional microscopy images, including sample preparation and specification of the 
set-up. Then, the influence of the pore structure on the measured absorption behavior is 
discussed. Finally, the correlation of acoustic behavior, pore morphology, and porosity is 
outlined. 

Introduction 

Significant noise loads affect everyone causing anxiety, depression, insomnia and other effects 
which impair health and productivity [1],[2]. Due to the rising number of flights and aircrafts, 
air traffic noise increases dramatically. To counter this development, various approaches have 
been developed to reduce the different noise sources resulting from airframe, jet or engine 
[3], [4], [5], [6]. One approach to reduce this noise is the application of noise reducing liners in 
the hot gas path [7]. This is especially important, since the engine is becoming the dominant 
noise source of modern airplanes during take-off [8]. Due to the elevated temperatures and 
high fatigue loading in this part of the aero-engine, conventional passive absorber materials 
cannot be used. Polymers would not be able to bear the heat and ceramic fibers would 
crack under the mechanical loading due to the notch effect. Consequently, this study focuses 
on metals with open pores, which can resist elevated temperatures and fatigue loading and 
additionally resemble geometrically conventional passive absorbers. Based on the production 
processes, e.g. sintering of metal fibers [7], powder processing using a foaming agent [9], 
coating of polymer foams [10], or using melt infiltration techniques [11], the characteristic 
dimension of the porosity is usually in the range of 0.01-10mm. In this work, sintered metals 
and metal sponges are analyzed after the theory of sound absorption is briefly outlined. 
Then, measurements of the acoustic absorption of metal sponges and sintered metals in an 
impedance tube are performed. To understand and predict the acoustic properties of metals 
with open porosity, it is necessary to characterize the materials as precisely as possible. 
This is explained in detail using a line segmenting technique, followed by a discussion of the 
connection of pore characteristics and acoustic absorption. Finally, a conclusion is given. 
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Sound Absorption 

Acoustic absorption a is the reduction of sound energy. The absorption is maximal if the 
reflection of the sound absorber surface approaches zero and the sound absorption coefficient 
within the absorber material is maximum. The acoustic absorption a can be expressed by 
the reflection R or the reflection coefficient r which can also be written using the impedance 
Z for perpendicular sound incidence: 

-, r> 1 I 12 i {¿absorber ~ ¿air] / , \ 
a = 1 - R = 1 - \r\2 = 1 - — — (1) 

I ¿absorber ■ ¿air I 
The impedance Z of air and an absorber with infinite thickness is according to [12]: 

Zair = pc and Za6sor6er = Pc^\ll ~ 'J2°7 ^ 

where j is the imaginary unit, p the density of air, c the velocity of sound and / the frequency 
of sound. Therefore, impedance and sound absorption are only dependent on the frequency 
and on three material properties: 

1. Porosity σ = ~£ < 1 
Vi acoustic effective volume of pores meaning only volume of open pores 
VA bulk volume of absorber 

2. Structure factor χ = ^ξ- > 1 
Vf{ air volume of compression 
Vß air volume of acceleration 

3. Flow resistivity S = - ^ 
Δρ pressure drop 
v velocity 
Δα? distance 

For minimum reflection i? —► 0 of absorber, the impedance value of the absorber must 
approach the impedance value of air: 

The root term —► 1 if flow resistivity Ξ —► 0. In practical applications, absorbers have finite 
thicknesses and are located in front of a sonically hard wall. Consequently, sound must be 
dissipated via transformation of acoustic energy into heat. The coefficient of absorption a* 
is defined as follows: 

\ 
\1 + f—) -1 

N \vpxj 

(4) 

where k is a constant. If the coefficient of absorption a* —► oo, the dissipation is maximum. 
Therefore, flow resistivity Ξ —► oo and porosity σ —► 1 for optimal dissipation properties. 
The result is an optimization problem for the value of the flow resistivity, since, the flow 
resistivity must be low enough that sound is not reflected by the material, but high enough 
that sound is sufficiently dissipated. Meaning on the one hand that open pores are necessary 
for acoustic absorption and on the other hand that there is an optimum pore structure for 
maximum absorption. 
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2000 3000 4000 5000 6000 7000 2000 3000 4000 5000 6000 7ΌΟ0 

Frequency [Hz] Frequency [Hz] 

(a) Absorption of metal sponges (b) Absorption of sintered metals 

Figure 1: Acoustic absorption of absorber materials, for pore characteristics see Tab.l 

Sound Absorption of Metals with Open Porosity 

Acoustic absorption was tested in an impedance tube [13]. The principle is that a noise 
generator emits a plane wave within the tube. The angle of incidence between the surface 
of the absorber material and the direction of the sound wave is 90°. Two microphones 
measure the sound pressure difference between incident and reflected waves, which gives 
the reflection factor r and, thus, the absorption a in dependence of the sample thickness, 
according to Eq. (1). Due to the tube diameter, only frequencies from 1000 Hz to 7500 Hz 
were analyzed. Samples were machined to fit perfectly into the tube, which was additionally 
greased, to reduce errors resulting from small gaps between sample and tube. Measurements 
were performed on different metal sponges and sintered metals, see Fig. 1. The sample stacks 
had the same thickness within each material group to avoid the influence of the absorber 
thickness. According to the given theory, the acoustic absorption behavior of the different 
samples varies based on the pore characteristics, e.g. pore size and porosity. Hence, the pore 
characteristics of samples need to be characterized to explain absorption behavior. 

Characterization of Pore Characteristics 

For the characterisation of pores, microscopy images are taken after sample preparation 
including embedding samples into a polymer, grinding and polishing to generate smooth 
surfaces. The image must show a representative area of the sample containing a reasonable 
amount of pores, while details still contain a sufficient amount of pixels and resolution to 
guarantee a clear differentiation between ligaments and pores, see Fig. 2(a-d). 
Since the porous material is not perfectly homogenous, several images were taken and the 
results obtained by image processing were averaged. To generate a black and white image, 
the original images are binarized exemplarily shown for the metal sponge; see Fig. 2(e). 
The generated image contains image noise resulting from the image acquisition. Therefore, 
a smoothing routine is applied to remove areas of less than ten connected white pixels in 
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(d) Metal iponge MS-50 (e) Binarized image (f) Structures < 10 pixels deleted 

Figure 2; (a)-(d) Light microscopy images of absorber materials; (e)-(f) following steps of 
image pre-processing for the line segmenting method 

a black area and vice versa. The result is shown in Fig. 2(f). Note, that the black phase 
represents pores and the white phase the metal ligaments. The pixel ratio of black and white 
pixels gives the porosity of the material. Furthermore, this image is prepared for the analysis 
of the pore characteristics using a line segmenting method. 

Line Segmenting Method 

The principle of the line segmenting method is that black and white images, like Figs. 2(f) 
or 3(a), arc superimposed with a lattice of parallel lines with a defined spacing, usually one 
pixel. This grid is rotated in discrete l°-steps from 0° to an angle of 180°. Due to symmetry, 
the full 360° need not be analysed, since, a grid rotated by 180° gives the same transitions. 
Along the superimposing lines, all phase transitions, i.e. transitions from a black to a white 
pixel or vice versa, are detected. In Fig. 3(b), the transitions are marked with a grey "+" . 
Afterwards, all segment lengths within each phase are summed up for every angle. Finally, 
the arithmetic average segment length of and the sample standard deviation s are calculated: 

*-Σ? (5) 

\ j t = l 

(Xi - x) 

7 1 - 1 
(6) 

where a?¿ is a single segment length and n the amount of all detected segments per phase at 
one angle. The calculated average segment lengths are plotted in a polar coordinate system 
forming a microstructuro ellipse for each phase (sec Fig. 3(c)). Due to symmetry, a half 

188 



(a) Structure in detail (b) Detection of phase transitions (c) Microstructure ellipses 

Figure 3: A black and white image (a) is superimposed by lines in order to detect phase 
transitions (b), the arrow marks an area of short segments due to virtual intersections; 
The average segment lengths are plotted in an polar coordinate system for every angle to 
generate microstructure ellipses (c), here based on five different images of the material shown 
in Fig. 2(d) 

ellipse contains all information. Consequently, the half ellipses representing the white phase 
or metal ligaments are plotted on one side and the half ellipses representing the black phase 
ore pores on the other side. The measured values are visualized in this way in order analyse 
the ellipse's shapes or the scattering of different measurements within one material. If the 
ellipses are circular, there is no preferred orientation and the segment lengths can be aver-
aged for all angles resulting in the average pore size. 
However, if the superimposed images are studied in detail, there are short segments resulting 
from the digital or pixel based image processing, marked by the arrow in Fig. 3(b). Since 
the phase boundaries are not along the pixel raster, they are, approximated by stepped 
pixel formations. If such structures are superimposed by pixel based lines, virtual intersec-
tions occur due to the imperfect reproduction resulting in numerous short segments with 
lengths of just a few pixels. To reduce the influence of the short segments resulting from 
virtual intersections, a threshold must be used, defining the minimum segment length which 
is included in the calculation of the arithmetic average segment length x and the sample 
standard deviation s. The microstructure ellipses are based on the average segment lengths, 
consequently the shape is highly dependent on this value. The higher the threshold value, 
the larger the ellipses become since short segment lengths are neglected in the calculation of 
the average length. Note, that the interface of the black and white phases is the same, ac-
cordingly the influence of virtual intersections is always higher in the phase with the smaller 
phase fraction. Characterizing highly porous materials, the threshold value must be selected 
accurately which is outlined in the following section. 

Specifying the Threshold Value 

The principle is that even if the superimposing lines are rotated, the analyzed structure stays 
the same. Consequently, the black and white phase fractions should ideally be constant at 
every angle. Without setting a threshold value, all segment lengths are included in the cal-
culation of the average segment length. For some angles with numerous short segments due 
to virtual intersections, this means a noticeable reduction of the average segment. Since 
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Table 1: Material properties of metal sponges (MS), sintered flakes (SF) and sintered spheres 
(SS); information of producer; **values influenced by hollow struts 

Material 
MS-50 
MS-450 
MS-580 
MS-800 
MS-1200 
SF-7.5 
SF-20 
SF-115 
SS-25 
SS-80 

Alloy 
Haynes Alloy 230 
NiFe22Cr22A16 
NiFe22Cr22A16 
NiFe22Cr22A16 
NiFe22Cr22A16 

Hastelloy X 
Hastelloy X 
Hastelloy X 

CuSnl2 
CuSnl2 

Porosity 
82% 
90% 
92% 
94% 
95% 
20% 
35% 
50% 
30% 
25% 

Cell / pore size* 
n/a 

450 ± 45μτη 
580 ± 60/xra 
800 ± 80/xm 

1200±120/¿ra 
7.5 ± 2.5μτη 

20 ± 5μτη 
115 ± 15μτη 

25 ± 3μπι 
80 ± ΙΟμπι 

Average pore size 
121 ± 9/xm 

380 ± 19**μπι 
445 ± 18**μπι 
538 ± 58*>ra 
656 ± 59*>ra 

8.6±1.2/¿ra 
22 ± 2μτη 

113±13/xm 
25 ± 2μπι 

80 ± 12/zra 

the impact on the phase with the smaller,phase fraction is bigger, the phase fraction of 
this phase is for some angles even smaller. If the threshold value is set too high, too many 
short segments are excluded from the calculation of the average segment length, meaning a 
noticeable increase of the average segment length. The result is that, the phase fraction of 
the smaller phase is particular overestimated for some angles, since the impact on this phase 
is bigger. Therefore, the ideal threshold is found, when the sample standard deviation of 
the phase fraction is minimal. Note, that the sample standard deviation is the same for the 
black and the white phase. 
To select the ideal threshold, the phase fractions fbiack,i and fwhite,i of both phases are mea-
sured for each angle i and then their standard deviation Sbiack or sWhite are determined as 
follows: _ _ 

/ &black,i Λ r %white,i / « \ 
ÍUtmká *= Z — ~ a n d JwMte,i = —— (7) 

-E white,i i '¿black,i % black,i "t" ¿white,i 

Σ180 f ν^180 f 
i~\ Jblack,,i j ~r ■¿-'¿=1 Jwhite.i / o \ 

Jblack ~ j-gQ a n d Jwhite = Jgj j (8 ) 

$black "~* &white — Σ 
I Jblack ,i Jblack j 

2 

Σ Ι Jwhite,i J white I 

V7Q ^ ΝίΞί 179 \ t i 179 

After the correct threshold value is found, the line segmenting method can be applied to 
the prepared black and white images. The results for the different absorber materials are 
listed in Tab. 1. 

Discussion 

The relevant material properties in regard to sound absorption are porosity σ, structure factor 
X and flow resistivity Ξ. In highly porous metals, as used in this work, the structure factor 
X —> 1 and can thus be neglected. The flow resistivity Ξ is based on the pore characteristic, 
e.g. pore size and pore morphology. According to the law of Hagen-Poiseuille, the flow 
resistivity is dominated by the pore size due to resulting internal friction. Therefore, it is 
possible to correlate flow resistivity Ξ and pore size in direction of flow. Note, that pore size 
inversely correlates with flow resistivity Ξ. In this investigation, the tortousity of pores which 
also impacts the flow resistivity was not measured. The characterization was done using a 
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line segmenting method for values see Tab. 1. Comparing the pore size values measured 
for sintered metals by the producer using a Coulter poro meter according to ASTM E 1294 
and the values measured by the line segmenting method, the results are in agreement with 
each other. For metal sponges, just the cell size was measured by the producer. The pore 
sizes measured by the line segmenting method are smaller since it does not calculate the 
pore diameter. Additional divergence between the two values results from hollow struts of 
the metal sponges which are only included in the measurement using the line segmenting 
technique. 
In order to predict the acoustic absorption by characterizing the pore morphology, acoustic 
tests using an impedance tube were performed. All materials listed in Tab. 1 were machined 
to stacks with the thickness of 6 mm in order to avoid the influence of the absorber thickness 
which also influences the flow resistivity. The absorption tests of metal sponges, compare 
Fig. 2, show that the smaller the pore size the better is the acoustic absorption. Note, that 
the finest pore size is 121 ± 9μηι and the largest 656 ± 59μτη. The measurements of the 
sintered metals suggest that the bigger the pore size, the better the acoustic absorption; see 
Fig. 2. Note, that the biggest pore size of the analyzed materials is 113 ± Ζμπι indicating an 
absorption optimum in the range of ΙΟΟμπι to 150/zra. It can be concluded that it is possible 
to describe acoustic absorption by pore size and porosity even if the relative pore length and 
the structure factor χ are neglected. 

Conclusions 

One possibility to reduce noise of aero-engines is the application of metallic absorber ma-
terials with open porosity. Three different material properties, porosity σ, structure factor 
X and flow resistivity Ξ, are needed to describe the acoustic behavior. Since they depend 
on the pore characteristics, in particular pore size and tortuosity, it is possible to predict 
the acoustic behavior based on the pore characteristics. In this work, the materials were 
characterized by image processing of microscopy images using a line segmenting method. 
Concluding that the best absorption behavior for an absorber thickness of 6mm was reached 
with materials containing open pores in the range of 100μτη to 150μτη. 
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Abstract 

Hydrogen embrittles most structural metals, although the form and magnitude of embritüement 
depends on the source of the hydrogen as well as the stress in the metal. Hydrogen fuel cell 
systems typically store gaseous hydrogen fuel at high-pressure, which provides both a source of 
hydrogen and high stresses in the containment materials. Understanding and measuring the 
effects of hydrogen on the mechanical properties of common structural metals, especially fatigue 
properties, is important for safe, long-term operation of such systems. This work explores the use 
of thermography to efficiently and quantitatively evaluate hydrogen-assisted fatigue of type 304 
austenitic stainless steel. In particular, thermographic analysis was used with rotating-beam 
fatigue testing and shown to provide repeatable results which are in general independent of test 
cycle frequency while reducing test times by several orders of magnitude. The effects of 
hydrogen were studied by thermally precharging fatigue test specimens in gaseous hydrogen 
prior to thermography-assisted fatigue testing and then compared to testing of non-charged 
specimens. Hydrogen-precharging increased the strength of this type 304 austenitic stainless 
steel and increased the fatigue life by a factor of about 50-100. 

Introduction 

The world is facing a severe energy and environmental challenge: how to provide competitive 
and clean energy for its citizens in light of an escalating global energy demand and concerns over 
energy supply security, climate change and local air pollution. As a carbon-free energy carrier, 
hydrogen provides a promising vector for storing and distributing renewable energy. Hydrogen is 
an important industrial gas that is used extensively in many industries. However, with growing 
demand for clean energy, hydrogen fuel cell systems are being developed for use in consumer 
products, such as fuel cell vehicles, which changes the landscape for safe design of high-pressure 
gaseous hydrogen systems. 

Efficient production, storage and distribution of hydrogen in the consumer market requires high-
pressure, thus high stress in the hydrogen containers, and cyclic loading as fuel systems are 
charged/discharged. Additionally, structural steels are known to suffer from hydrogen 
embrittlement (HE) in gaseous hydrogen environments, a phenomenon that causes deterioration 
of their mechanical properties. The severity of HE depends on composition, microstructure, 
processing history and strength of the steel, as well as the mechanical conditions of the 
application [1]. Therefore a systematic understanding of the strength and fatigue performance of 
materials in gaseous hydrogen environments is critical for materials selection from both 
engineering and economical perspectives. 
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Austenitic stainless steels are commonly employed in high-pressure systems due to their high 
corrosion resistance. Despite their high cost, austenitic stainless steels are also used in gaseous 
hydrogen systems because austenitic alloys tend to be more compatible with gaseous hydrogen 
environments than ferritic alloys. Performing tests in gaseous hydrogen environments is 
challenging and expensive, thus testing is commonly performed in surrogate environments. It has 
been shown, for example, that tensile testing of thermally precharged austenitic stainless steels 
results in nominally the same measured properties as tests performed in gaseous hydrogen [2]. 
Thermal precharging is a method where test specimens are soaked in high-pressure gaseous 
hydrogen at elevated temperature to enhance the rate of penetration of hydrogen into the 
materials by diffusion and, if left for sufficient time, allows the material to become saturated 
with hydrogen throughout the volume of the specimen [3, 4]. Upon cooling to room temperature 
the diffusivity of hydrogen in austenitic stainless steel is sufficiently slow that hydrogen remains 
in the specimen during the test. During tests that require extended time scales, such as fatigue 
tests, there is concern that hydrogen may diffuse out of the specimen during the test, such that 
the effects of hydrogen are reduced or not measured. 

La Rosa et al. demonstrated the validity of the thermographic method for rapid determination of 
fatigue properties [5]. This method, also called the Risitano method, can reduce the time for 
construction of a fatigue-life curve (S-N curve) to a fraction of the conventional method. The 
thermographic methodology is based on an energy balance between the energy necessary to 
achieve failure and the energy dissipated per cycle, the former assumed to be a constant for the 
system undergoing fatigue and the latter being related to the heat generated in the sample during 
fatigue. Heating of the sample during fatigue cycling can be measured and generally shows a 
profile as shown in Figure 1. The plateau temperature can be used to determine the cycles to 
failure (Nfi for the applied stress amplitude asNf = Φ/ΑΤ, where Φ is a constant related to the 
failure energy of the specimen and ΔΓ is the temperature difference between the plateau and the 
temperature at the endurance limit. Additionally, the initial slope of the temperature profile can 
be used to determine the endurance limit by plotting this slope as a function of stress amplitude 
and extrapolating to zero slope [5]. 

Combining the thermographic method with thermal precharging, the fatigue test can be 
performed in air while the internal hydrogen can be maintained in the specimen over the test 
duration, resulting in an efficient and effective means of determining the fatigue-life behavior of 
austenitic stainless steels. The fatigue-life properties of type 304 austenitic stainless steels with 
high concentration of internal hydrogen are studied in this paper. The thermographic 
thermographic method is utilized to enhance the efficiency of constructing fatigue-life curves, 
the so-called S-N curve, in rotating bending fatigue. 

Experimental Procedures 

In this study, fatigue testing was performed at room temperature using a R.R. Moore rotating 
beam machine. With this method the specimen load is completely reversed such that the stress 
ratio (R) is -1 and the mean stress is zero. Frequencies can be adjusted by changing the power 
output of the machine. Failure during testing was determined by a shut-off mechanism. When the 
sample is completely fractured or bent to ~3 degrees (3 mm in deflection), the shut off switch is 
triggered and the test is stopped. Conventional tests were carried out with constant load 
amplitude to failure at a frequency of 50 Hz for providing baseline fatigue-life data. 
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Additionally, the effect of frequency was evaluated by performing a limited set of tests at 
frequencies of 30 and 100Hz. 

initial $ίορ& ς 

i S ^ endurance 8mtM 

Cycle Number 

Figure 1. Schematic of idealized temperature profile during fatigue cycling; 
S represents the stress amplitude. 

For accelerated testing using the thermographic test method, a series of short fatigue segments 
are used, referred to as temperature rise tests. These segments were designed to be ~5 minutes 
long (10,000 to 20,000 cycles) at a constant load amplitude and frequency of 50 Hz, in order to 
establish a stable temperature profile, while limiting the time that the sample is tested. The load 
after each segment is increased, such that the data necessary to produce the fatigue-life curve is 
generated with a single specimen. 

Infrared technology is a non-contact, non-destructive and non-interruptive technique for 
temperature measurement and was used for temperature monitoring in this study. The Fluke 
thermometer model 568 was used for this purpose; this device is a single point pyrometer with 
laser guidance with a temperature range of-40°C to 800°C and accuracy of ± 1% or ±1.0°C. The 
minimum spot size is 19 mm. Real-time data collection at the highest sampling frequency of 
1 Hz provides averaging over the rotating surface of the specimen. 

Fatigue specimens were machined from a 95 mm (3/8 inch) round bar stock of type 304 
austenitic stainless steel according to ASTM E466-96 specifications [6]. After nominal 
machining, all specimens were sent to a specialty machine shop for centerless grinding. Half of 
the specimens were thermally precharged following procedures in Refs. 2 and 3: exposure to 
gaseous hydrogen at pressure and temperature of 138 MPa and 573K for approximately twenty 
days. These procedures result in a uniform hydrogen concentration of approximately 140 wt ppm 
[2,3]; the average hydrogen content was verified by inert gas fusion on a witness specimen. After 
thermal precharging and prior to testing, the specimens were maintained at < 268 K to ensure 
minimum loss of hydrogen due to diffusion. Tensile specimens with a gauge diameter of 4 mm 
(ASTM E8, sub sized specimens) were also tested at a nominal strain rate of 10"3 s"1 (see refs. 2 
and 3 for additional description of the tensile testing procedures). 
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Table 1 - Mechanical properties of type 304 austenitic stainless steel 

non-charged 
H-precharged 

Yield 
Strength 
(MPa) 
490 
598 

Ultimate 
Strength 
(MPa) 
700 
756 

Reduction 
Area 
(%) 
80.3 
26.5 

Elongation 
(%) 

44.0 
25.1 

Results and Discussion 

The tensile properties of the type 304 austenitic stainless steel before and after hydrogen 
precharging are shown in Table L Thermal precharging with hydrogen increases the strength of 
the alloy and reduces the ductility as previously observed for similar alloys [2,4]. 

The temperature-time profiles for a representative selection of the conventional fatigue-life tests 
in rotating beam fatigue are shown in Figures 2 and 3. The results from these tests are plotted on 
a conventional fatigue-life (Wöhler) curve as shown in Figure 4a. The tests at frequency of 30 
Hz and 100 Hz are also plotted in Figure 4a. Based on t-tests, it is found that measured fatigue 
life was in general independent of test cycle frequency within the range of frequencies 
investigated; the hydrogen-precharged material tested at this highest frequency is the exception 
(Figure 4a). The fatigue l ib of 304 austenitic stainless steel was 50-100 times greater when 
hydrogen-precharged as compared to no precharging. This non-intuitive result is consistent with 
prior studies [7,8]. Normalizing the stress amplitude by the yield strength for the non-charged 
material and hydrogen-precharged materials respectively, however, shows that the endurance 
limit is essentially unaffected by hydrogen, while at high stress (in the low-cycle fatigue regime) 
the fatigue life is slightly lowered by hydrogen (Figure 4b). 

The thermal profile of a rotating beam fatigue test is shown in Figure 5. The thermal behavior of 
the tests in this study is different from the ideal thermal profiles found by La Rosa and Risitano 
[5]. Instead of a clear mermal plateau at a temperature above ambient, the temperature continued 
to increase over the course of the test. After an initially step temperature rise, the temperature 
reaches a sloped plateau that is approximately linear until a second rapid temperature rise occurs 
associated with fracture of the specimen. The plateau slope region is steeper for higher applied 
stresses. 

Results of temperature rise tests are shown in Figure 6. The figures show sample temperature 
plotted as a function of test time for type 304 austenitic stainless steel with no hydrogen and with 
hydrogen precharging, respectively. The temperature rises rapidly during the first 100 seconds or 
so, followed by a stable plateau, described by the plateau slope. The initial thermal rise is used to 
characterize the endurance limit (Figure 7a): below the endurance limit the initial thermal rise is 
not a function of stress amplitude, while above the endurance limit the initial thermal rise is an 
increasing function of stress amplitude. The endurance limit is determined by plotting a line 
through the data for stress amplitudes greater than the endurance limit and extrapolating to zero 
slope [5]. The plateau slope is an indicator of the transition from high-cycle to low-cycle fatigue. 
At low stress amplitude (high-cycle fatigue regime), the plateau slope is a weak function of stress 
amplitude, while at high stress amplitude (low-cycle fatigue regime) the plateau slope is a much 
stronger function of stress amplitude. The transition between these two regimes is clearly 
identifiable in Figure 7b. The thermographic determination of the endurance limit and low-cycle 

196 



to high-cycle transition stress are given in Table 2, along with the values determined from the 
conventional fatigue-life tests (Figure 4). 

The thermographic method provides an energy-based method of determining the endurance limit 
and the transition between low-cycle and high-cycle fatigue. For type 304 austenitic stainless 
steel, the thermographic transitions are consistent with conventional, empirically-determined 
values. The fatigue-life curve was not estimated with the thermographic data because the non-
ideal thermal profiles made it difficult to establish the parameter Φ for these particular tests; 
however, the excellent correlation of the endurance limit and transition stress allows for an 
estimate of the entire fatigue-life curve that is an adequate representation of the conventionally 
measured data. 
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Figure 2 - Temperature-time curves for non-charged type 304 austenitic stainless steel: 
conventional fatigue-life measurement 
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Figure 3 - Temperature-time curves for hydrogen-precharged 304 austenitic stainless steel: 
conventional fatigue-life measurement 
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Figure 4 - Fatigue -life curves for type 304 austenitic stainless steel; (a) conventional fatigue-life 
curve (Wöhler curve); (b) stress amplitude normalized by yield strength (50 Hz only). 

Figure 5 - Thermal profile of specimen during rotating beam fatigue to failure, showing initial 
thermal rise and plateau slope. 
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Table 2 - Characteristics of fatigue life for type 304 austenitic stainless steel 

H-precharged 

non-charged 

Endurance Limit (MPa) 
Thermographic 

prediction 
310 

241 

Conventional 
determination 

320 

270 

Low-cycle / high-cycle 
Transition stress (MPa) 

Thermographic 
prediction 

407 

331 

Conventional 
determination 

430 

330 
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Figure 6 - Thermal profiles from temperature rise tests: (a) non-charged, (b) hydrogen-
precharged. 
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Figure 7 - Thermographic results for rotating beam fatigue of type 304 austenitic stainless steel; 
(a) initial thermal rise; (b) plateau slope. The arrows indicate the thermographic predictions of 

the endurance limit and the transition stress, respectively; the dotted lines are visual aid. 
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Conclusions 

Based on this study, the following conclusions can be drawn: 

a) Type 304 stainless steel experienced about 50-100 times longer fatigue life when hydrogen-
preeharged due to the strengthening effect of high concentration of internal hydrogen. 

b) The rapid determination method using thermometric techniques can significantly reduce the 
time and testing required to construct the fatigue-life curves. 

c) Frequency generally does not have significant impact on fatigue life measurements, with the 
exception of hydrogen-precharged type 304 austenitic stainless tested at 100 Hz. 

References 

1, A. Thompson, Selection of structural materials for hydrogen pipelines and storage vessels, 
International Journal of Hydrogen Energy 2,1977,163-173. 

2. C. San Marehi, T. Michler, K.A. Nibur and B.P. Somerday, On the physical differences 
between tensile testing of type 304 and 316 austenitic stainless steels with internal hydrogen 
and in external hydrogen, Int J Hydrogen Energy 35,2010,9736-9745. 

3. C, San March!, D.K. Balch, K. Nibur and B.P. Somerday, Effect of high-pressure hydrogen 
gas on fracture of austenitic steels, J Pressure Vessel Technology 130,2008. 

4, C. San Marehi» B.P. Somerday, X. Tang and G.H. Schiroky, Effects of alloy composition and 
strain hardening on tensile fracture of hydrogen-precharged type 316 stainless steels, Int J 
Hydrogen Energy 33,2007, 889-904. 

5 G, La Rosa and A. Risitano, Thermographic methodology for rapid determination of the 
fatigue limit of materials and mechanical components, International Journal of Fatigue 22, 
2000, 65*73. 

6. Standard Practice for Conducting Force Controlled Constant Amplitude Axial Fatigue Tests 
of Metallic Materials, ASTM E466-96,2002. 

1, C, Skipper, G. Leisk, A. Saigal, D. Matson and C. San Marehi, Effect of internal hydrogen on 
fatigue strength of type 316 stainless steel, B.P. Somerday, P. Sofronis and R. Jones (Eds.) 
Effects of Hydrogen on Materials, Proceedings of the 2008 International Hydrogen 
Conference, Moran, WY, 2008,139-146. 

8, K. Murakami, T. Kanezaki and Y. Mine, Hydrogen effect against hydrogen embrittlement, 
Metall Mater Trans 41,2010,2548-2562. 

Acknowledgements 

The authors wish to acknowledge Jeff Campbell of Sandia National Laboratories for his 
assistance conducting the hydrogen precharging. Sandia National Laboratories is a multi-
program laboratory managed and operated by Sandia Corporation, a wholly owned subsidiary of 
Lockheed Martin Corporation, for the U.S. Department of Energy's National Nuclear Security 
Administration under contract DE-AC04-94AL85000. Partial support for this work provided 
under NASA grant NNX08AL21G. 

200 



Characterization of 
Minerals, Metals, 
and Materials 

Characterization of 
Environmental and 

Construction Materials 

Session Chairs: 
Naiyang Ma 
Gaifeng Xue 

Characterization of Minerals, Metals, and Materials 
Edited by: Jiann-Yang Hwang, Sergio Neves Monteiro, Chengguang Bai, 

John Carpenter, Mingdong Cai, Donato Firrao, and Buoung-Gon Kim 
TMS (The Minerals, Metals & Materials Society), 2012 



Characterization of Minerals, Metals, and Materials 
Edited by: Jiann-Yang Hwang, Sergio Neves Monteiro, Chengguang Bai, 

John Carpenter, Mingdong Cat, Donato Firrao, and Buoung-Gon Kim 
TMS (The Minerals, Metals & Materials Society), 2012 

TILE PRODUCTION USING WASTES FROM MINING INDUSTRY OF 
THE MINING DISTRICT PACHUCA AND REAL DEL MONTE 

Juan Hernández A.*, Eleazar Salinas R., Francisco Patino C , Isauro Rivera L., Javier Flores B., 
Norma Trápala P., Miguel Pérez L., Mizraim. U. Flores G., Ivan. A. Reyes D. 

Centro de Investigaciones en Materiales y Metalurgia, Universidad Autónoma del Estado de 
Hidalgo. Carretera Pachuca-Tulancingo Km. 4.5, C.P. 42184 Pachuca, Hidalgo, México. Tel. y 

Fax: (01 771)7172-000 ext. 2280; Fax: (01 771)7172-000 ext. 6730, Email: 
herjuan@uaeh.reduaeh,mx 

Keywords: Mining wastes, reusing of wastes, tile production 

Abstract 

This work is related with the production of tiles using wastes from mining and metallurgical 
industry of Hidalgo State, as raw material. These wastes present a majority particle size (60 %), 
minor than 53 m (mesh 270, in Tyler Series) with the following composition; 70.01 % wt. of 
Si02, 12.82 % wt. of A1203, 3.80 % wt. of Fe, 0.70 % wt. of Mn, 3.98 % wt. of K20, 3.34 % wt. 
of CaO, 2.50 % wt. of Na20, 0.04 % wt. of Zn, 0.026 % wt. of Pb, 56 grams per ton of Ag and 
0.6 grams per ton of Au. In this work, the partial results and experimental conditions for the 
preparation of some composites to produce tiles are shown. The composite that offers the best 
results in productions of tiles was that with 66.67 % wt. of mining waste, 26.67 % wt. of red mud 
and 6.67 % wt. of black mud. 

Introduction 

To now, mining activities carried out during more than 457 years in Hidalgo State, México; has 
lead a great volume of wastes; which can be classified into different types, having among the 
more common; Acid mining water, solid transport water, elements in radical form, abandoned 
minerals without processing and processing minerals wastes known as burrows, being these the 
most abundant in the region counting with an approximated volume of 110 million of tons, 
presenting a fine particle size that can affect population health during windy epochs [1-4] . 

Form metallurgical point of view, is well known that a fundamental characterization study it is 
necessary to know the viability of reusing or recycling of these wastes. According this, these 
residues can also be considered as raw materials in other economical activities, due its Si, Fe, Al, 
Ca, Na and P oxides contents, its mineralogy and the distribution of chemical elements in the 
primary and secondary phases [1,2,5,6]. 

Chemical composition, particle size analysis and physical properties of the wastes from Pachuca 
revealed that this kind of residues can be used as raw material to ceramic industry joint with an 
agglutinant that allows have a good material for production of resistant issues. Also, this material 
can be a good alternative to cement industry due its Si02 content and to production of 
construction materials [7 - 9], and also as mixed feldspar substitute [9]. This is the reason 
because this work is related to production of tiles and bricks for construction industry, using 
wastes giving so an aggregated value and also a rational and sustainable use. 
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Experimental procedure 

Characterization of wastes was carried out using the following methods: X - Ray Diffraction to 
determinate the principal mineralogical phases present in this kind of residues. Atomic 
Absorption Spectrometry, both to determinate the chemical composition of wastes and clays 
used to elaborate mixes for tiles production. Scanning Electron Microscopy (in conjunction with 
Energy Dispersive Spectrometry of X - Ray), to reveal morphologic and semi quantitative 
analysis of waste particles. Finally, a particle size analysis were performed by wet sieving using 
standard sieves of Tyler series with a sample of 100 grams, drying the obtained fractions and 
then weighted. 

In the same way» 7 mixtures of different chemical composition of clay and waste were made. 
With these composites it was sought high plasticity and green strength to produce tiles and brick 
of good quality, 

Results and discussion 

Hie average chemical composition of waste from south dam in the mining district of Pachuca -
Real del Monte, is shown in table I where can be appreciate that the majority compounds are 
silica, alumina and iron oxide. 

Table I. Average chemical composition of wastes. 
Element 

Si02 

Ti02 

A12Ö3 
Fe203 

MnO 

MgO 

% in weight. 
70.01 

0.30 
12.82 
3.80 

0.70 

1.01 

Element 
P2O5 
K20 
CaO 

Na20 

% in weight 
0.08 

3.98 
3.34 

2.50 

The mineral species identified in the obtained difrractograms by X - Ray Diffraction (figure 1), 
were; silica, berlinita, feldspar, orthoclase, anorthoclase, calcite, gypsum, hematite, pyrite, 
sphalerite, galena and chalcopyrite. 
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Figure 1. X - Ray Dififractogram of wastes, showing the principal mineral species: quartz 
(Si02), orthoclase (O) albite (A) and berlinita (B). 

In figure 2, can be seen a general image of waste particles analyzed by SEM - EDS, where can 
be observed the presence of majority elements such as silicon, aluminum, potassium, and iron, as 
well as minority elements as magnesium, manganese and sulfur; showing also trace elements 
such as copper (observed in figure 2b). 
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Figure 2. Image and spectra of waste particles obtained by SEM a) General image mesh 100, 
50X (SEM), b) semi quantitative analysis (SEM - EDS). 

In figure 3 are shown the results obtained by particle size analysis, where can be seen a relatively 
big particle sizes with a particle size distribution of standard size in mesh 80 (177 μπι) and an 
average size in mesh 200 (74 μηι), so it is observed that higher retained weight is found in mesh 
100 with a 19.18 %, so the particle size is too big, later presents a very steep drop to mesh 400 
that is where the minimum retained weight that is of the order of 4.50 %. Therefore we can say 
these are tailings with relatively coarse particles, but adequate for use as alternative industrial 
material. 
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Figure 3. Particle size distribution 

Table II shown average chemical compositions of clays used to make mixtures, showing the 
majority phases to silica, alumina, sodium oxide, potassium oxide and calcium oxide, which 
favor the stickiness of composites. 

Clay 

1 
2 
3 
4 
5 

1 6 

Si02 

62.34 
68.79 
66.94 
59.53 
62.34 
42.52 

Table 11 
A1203 

20.59 
18.95 
21.44 
28.47 
20.59 
32.18 

Average chemical compositions of clays. 
Na20 K 2 0 
1.34 1.67 
1.50 1.52 
0.32 2.11 
0.41 1.17 
1.34 1.67 
0.45 0.45 

CaO MgO 
1.09 0.44 
1.66 0.45 
0.39 0.83 
0.26 0.80 
1.09 0.44 
0.26 0.45 

T1O2 

1.70 
0.98 
1.41 
1.13 
1.70 
1.77 

Fe203 | 
10.84 
6.15 
6.56 
8.23 
10.84 
18.93 1 

Seven compounds were prepared from a mixture of waste and clays, obtaining the following 
composites with high plasticity, as shown in the table III. 
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Table III. Composition of representative composites for the manufacture of tiles. 

Composite 
1 
2 
3 
4 
5 
6 

1 _ 7 

% wt. of waste 
66.67% 

63% 
63% 
63% 
60% 
60% 
60% 

% wt. of high plasticity 
clay 

26.67% 
31% 
31% 
31% 
34% 
34% 
34% 

% wt. of low plasticity 
clay 

6.67% 
6% 
6% 
6% 
6% 
6% 

6% 1 

Based on the preparation of these composites, were produced seven briquettes, with each of the 
aforementioned composites (figure 4), found that the composite number one had the best 
properties of stickiness and plasticity; whereby some tiles were produced using this composite, 
getting high quality tiles (figure 5). 

Compósito 1 

Compósito6 

Figure 4. Briquettes obtained from the mixture of waste and clays. 
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Figure 5. Tile produced with waste and clay. 

According the obtained results in the preparation of seven representative composites for 
fabrication of tiles» we can conclude that have been generated products with high plasticity and 
high green strength using wastes. These tiles also have good properties of burning that are upper 
to similar product elaborated in conventional processes, getting so a burnt red color. 

Conclusions 

1. According to chemical composition and particle size distribution of wastes, these can be 
considered as a mixed feldspars substitute, which can be used as alternative raw material to 
fabrication of tiles. 

2. Products of high plasticity and high green strength were obtained using wastes as majority 
compound in mixtures, getting similar or upper properties after burning in comparison of the 
products elaborated in conventional processes. 

3. With the addition of clay to waste can be obtained composites of different shades to 
production of tiles, bricks and vault. 
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Abstract 

Steel slag has been stockpiled in many steel mills due to its poor performance in various 
construction related applications. Free lime in steel slag has been considered as a major 
barrier for its utilizations. Composite of steel slag and powders of granulated blast furnace 
slag have been found an excellent cementitious material for concrete. Portland cement is not 
required in this kind of concrete. Concretes with various amounts of steel slag and powders 
of granulated blast furnace slag additions have been investigated. Physical and chemical 
properties of the products were examined. High performance concrete can be obtained. Field 
testing of the concrete products was conducted for various applications, including buildings 
and pavements, and the results demonstrated the soundness of the concrete. Drill cores of 
field tested concrete, with ages up to 26 years, were examined for the microstructures under 
SEM. 

Introduction 

In the steel industry, a major source of the solid waste is steel slag. Steel slag has poor 
stability in construction applications. This is a major reason that only a small amount of steel 
slag has been utilized. Some of the reported applications include the land filling/creation in 
the sea, road base materials, soil treatment for acid neutralization and micronutrients supply, 
and sintering aid in the sintering plant of the steel industry [1]. 

To solve the stability problem for using steel slag as construction materials, the common 
approach is to find a method capable of depressing or eliminating the expansion of steel slag. 
Free lime in steel slag is the major component that causes the expansion. Aging and 
hydration pretreatment of free lime in steel slag are the well known methods for increasing 
the steel slag stability. However, there has been limited success on these approaches due to 
that a large portion of free lime is locked in the grains during the pretreatment process. 

Based on the mineral compositions of steel slag and the characteristics of their hydraulic 
reactions, a new approach was studied and reported here. This approach utilizes the 
composites of steel slag and granulated blast furnace slag as major ingredients to accomplish 
the cementing requirements for concrete, while solving the steel slag stability and expansion 
problems in concrete. 

Experiment 

Materials 

There are two major components to make the no cement concrete. One is the steel slag and 

211 



the other is primarily the granulated blast furnace slag powder composites containing some 
additives. The composites of the two components react and provide the cementitious 
materials for the sand and aggregate in concrete. 

Several steel slag samples were collected from different steel companies. These slag samples 
have been crushed to passing 4.75mm and magnetically separated to recover the iron metals. 
The granulated blast furnace powder composites are prepared by mixing powders of gypsum 
and silicates. Less than 4.5% of the materials have particle sizes above 80um. The specific 
surface area is greater than 400 m2 per Kg. Chemical compositions of the materials are given 
in Table 1. 

Table_l_Chemical compositions of steel slag and granulated BF slag powder composite. 
Sample 

SS1-TS 

SS2-HS 

SS3-DQ 

SS4-AB 

SS5-TS 

SS6-HS 

GP 

S i0 2 

10.36 

8.68 

8.34 

8.72 

10.59 

9.46 

33 .70 , 

A1203 

2.14 

1.63 

1.12 
1.53 

1.69 

5.36 

14.49 

CaO 

43.52 
42.96 

39.03 

37.46 

38.28 

38.33 

37.35 

MgO 

6.09 

7.50 

9.95 

10.54 

7.76 

10.38 

9.73 

Mn 

1.92 

1.89 

2.29 

1.85 

2.61 

0.73 
0.19 

P2O5 
1.69 

1.26 

1.48 

2.04 

1.52 

0.95 
0.023 

MFe 

2.3 

0.4 

2.3 

0.52 

/ 
0.60 

/ 

FeO 

11.90 

13.28 

23.35 

15.12 

26.02 

11.69 

0.81 

F e 2 0 3 

11.20 

12.49 

6.65 

19.24 

9.24 

10.39 

1.30 

S 
0.077 

0.040 

0.038 

0.032 

0.106 

0.179 

0.755 

Alkalinity* 
3.61 

4.32 

3.97 

3.48 

3.16 

3.68 

1.10 

Notes *Alkalinity*CaO/(Si02+P205)> SS^Steel Slag, GPKSranulated BF Slag Powder Composites, TS=Thermal 
Stewed» HS«»Mot Splashed, DQ*«Drum Quenched, AQ=Air Blasted. 

Samples for experiments were prepared with two different weight distributions, depending on 
the kind of materials utilized. For the GC and HS samples, the ratios are granulated powder 
mix 450g, steel slag 675g, and sand 675g. For the R and AB samples, the ratios are 
granulated powder mix 500gs steel slag 750g, and sand 750g. The amount of water utilized is 
determined by Chinese standard method GB/T2419 with mortar fluidity at 175±5mm. 
Molding, curing and testing was carried out according to Chinese standard method GB/T 
17671-1999. 

Concrete prepmipn mú Strength Testing 

Concretes were prepared based on the formula shown in Table 2. Strength testing was carried 
out based on Chinese standard method GB/T50081-2002. 

Table 2. Weight distribution for various concrete preparations. 

No. 

1 
2 

L 3 

1 4 

5 
\ 6 

1 7 

Strength 
Design 

C50 
C3Ö 
C50 
C30 
C50 

C30 
C50 

Slump 
mm 

140 
260 
180 
140 
165 

270 
265 

Addition (kg/m3) 
Granulated 
Powder Mix 

480 
390 
480 
390 
450 
390 
450 

Steel 
Slag* 

500 (HS) 
400 (IIS) 
500 (GC) 
400 (GC) 
800 (RCD) 
600 (RCD) 
800 (AB) 

Sand 

370 
410 
320 
416 

/ 
260 

/ 

Aggregate 

1100 
1250 
1100 
1250 
1200 
1200 
1200 

Water 
Reducer 

5.8(FDN) 
4. 7 (FDN) 
5.8(FDN) 
4. 7 (FDN) 
5. 4 (FDN) 
4. 7 (FDN) 
5. 4 (FDN) 

Water 

170 
165 
190 
180 
160 
165 
160 
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8 
9 
10 
11 
12 

C30 
C50 
C70 
C50 
C70 

265 
270 
260 
270 
260 

390 
450 
550 
450 
550 

600 (AB) 

800 (RCD) 

800 (RCD) 

800 (AB) 

800 (AB) 

260 

/ 
/ 
/ 
/ 

1200 

1200 

1100 

1200 

1100 

4.7(FDN) 

9 (PA) 

9 (PA) 

9 (PA) 

9 (PA) 

160 
150 
150 
145 
145 

Field Sampling of Road Concrete and Strength Test 

After the concrete was field tested on road for a period of time, samples were collected by 
drill cored as a cylinder with diameter of 100mm. The cylinder was cut to 100mm length for 
strength test. 

Results and Discussion 

Steel Slag Microstructure 

The microstructures of steel slag cooled under various conditions were examined. 

Drum quenched steel slag: Dicalcium silicate is the major component, followed with 
tricalcium silicate and periclase. The matrix is glassy. Dicalcium silicate is colorless and 
rounded in shape. Tricalcium is colorless, platy, showing better crystalinity. Periclase is 
yellowish, also rounded in shape. Magnesium is in solid solution with iron. It is bounded 
with iron rich glassy phase. The iron rich glassy phase is reddish-brown to black in color and 
is semi-transparent. It forms nets to separate dicalcium silicate and tricalcium silicate. The 
slag is relatively homogeneous, as shown in Figure 1. 

Air blasted steel slag: Minerals are mostly rounded in shape. Dicalcium silicate is the major 
component, followed with periclase and glass, and minor calcium ferrite. Dicalcium silicate 
is shown in small grains. Matrix is the glass, with small amount of calcium ferrite, which is 
reddish brown in color. Periclase is yellowish, also rounded in shape. They are disseminated 
in the sample, although local enrichment has also been observed. The air blasted steel slag 
grains are covered with a thin layer of glass. No obvious hydration phenomenon was 
observed. The microstructure of air blasted steel slag is shown in Figure 2. 

Hot splashed steel slag: Sample is easily hydrated. Crystal boundaries are difficult to be 
observed on the polished thin section. A hydrated rim on the steel slag grains can be found. 
Most of the fine powders are hydrated. Structures are not homogeneous. Dicalcium silicate is 
the major component, followed with tricalcium silicate, periclase and glass. Dicalcium 
silicate is mostly rounded, with some in other shapes. Cementing phase between the crystals 
is in less quantity. Periclase is present in isolated forms between the dicalcium silicates. It has 
yellow to black color. It is in high solid solution with iron. Figure 3 shows the 
microstructures of the hot spreaded slag. 

Thermal stewed steel slag powder: Dicalcium silicate is the major component, followed with 
tricalcium silicate, periclase and glass. Calcium ferrite is observed in a few spots. Some of 
the steel slag grains are hydrated. Fine powders are basically all hydrated. Only the phases 
that do not hydrate are unchanged in the fine powders, primarily periclase and glass. 
Dicalcium silicate has a wide distribution in particle size and various grainular shapes. 
Tricalcium is platy. Periclase sits between calcium silicates. Cementing phase between 
calcium silicates is in less quantity, mostly in glassy phase. There are a small amount of 
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calcium ferrite. Figure 4 shows the microstructures of the thermal stewed slag. 

Fig, 1. Microstructure of drum quenched slag. Fig.2. Microstructure of air blasted slag. 

Fig. 3. Microstructure of hot splashed slag. Fig.4. Microstructure of thermal stewed slag. 

All of the four slag samples (Figure 1-4) contain dicalcium silicate and tricalcium silicate, 
which are the common cement ingredient [1]. From the mineral composition and occurrence 
standpoint, drum quenched slag and air blasted slag are similar. Both are cooled rapidly. Hot 
splashed slag and thermal stewed slag are cooled relatively slower. 

Rapid cooled slags have relatively homogeneous glassy phase, which forms the nets enclosed 
the dicalcium silicate and free calcium oxide grains. 

The slow cooled hot splashed and thermal stewed slags have the fast cooled outside shell and 
the slow cooled inside core. The microstructure is not homogeneous. Grain sizes of dicalcium 
silicate and tricalcium silicate are widely distributed and sometimes connected in sheets. Free 
calcium oxide grains are usually aggregated. Glassy phase is in smaller quantities and is 
distributed unevenly. A hydrated crust is frequently observed. The hydration is especially 
severe for those particles with less glassy phase. 

The cooling rate obviously has strong effects on the microstructure of the slags [2]. The rapid 
cooled slag has less free calcium oxide, more glass, and is more homogeneous and more 
stable. The slowly cooled slag is not homogeneous and has more free calcium oxide, which is 
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usually in aggregates. 

Strength Test 

The strength tests of the composites formed with steel slag and granulated BF slag powders 
are shown in Table 3. The strengths of the concrete using the composites and sand and gravel 
are shown in Table 4. 

Table 3. Strength of the composites formed with granulated BF slag powder mixture and 
various kinds of steel slag. 

Steel Slag1 

Hot 
Splashed 
Thermal 
Stewed 
Drum 

Quenched 
Air 

Blasted 

Setting Time 
(Hour: Minute) 

Initial 
3: 25 

2: 20 

1: 57 

1: 25 

End 
7: 40 

5: 45 

4: 32 

2: 55 

Boiling 
Stability 

Passed 

Passed 

Passed 

Passed 

Flexural Strength 
(MPa) 

3d 
6.7 

7.6 

10.3 

10.9 

28d 
11.2 

13.3 

17.0 

15.6 

Compressive Strength 
(MPa) 

3d 
28.5 

30.7 

47.5 

48.4 

28d 
39.9 

43.9 

71.2 

65.5 
1 All slag samples were utilized within one month of generation. 

Table 4. The strengths of the concrete using the sand and gravel and the composite of steel 
slag and granulated BF slag powder mixture. 

No. 
1 
2 
3 
4 
5 

6-DQ 
7 

8-AB 
9-DQ 
10-DQ 
11-AB 
12-AB 

Compressive Strength of Concrete (MPa) 
3d 

48.2 
40.5 
50.1 
43.1 
56.0 
47.9 
57.0 
44.5 

/ 
76.8 

/ 
74.3 

7d 
51.6 
45.4 
55.3 
48.1 
64.1 
53.5 
66.6 
53.5 
84.2 
82.0 
65.6 
81.5 

28d 
62.3 
52.4 
65.0 
52.7 
72.4 
59.3 
72.1 
59.7 
88.7 
93.4 
77.9 
91.5 

60d 
/ 
/ 
/ 
/ 

73.3 
63.0 
73.0 
61.0 

/ 
/ 
/ 
/ 

90d 
/ 
/ 
/ 
/ 
/ 
/ 
/ 
/ 

93.4 
97.0 
79.6 
93.1 

150d 
/ 
/ 
/ 
/ 

78.4 
67.5 
75.0 
64.3 

/ 
/ 
/ 
/ 

360d 

95.0 
99.6 
84.2 
100.3 

Table 3 shows that the composite of granulated BF slag powder mixture and steel slag has 
good cementitious property and the composite has good mechanical properties. The 
composites formed with various kinds of steel slags can all meet the cement requirements of 
various grades. The early strengths are good. Setting times are normal. Boiling stabilities are 
passed. The flexural strengths are outstanding. 

Table 4 presents the compressive strength of the concrete made of sand, gravel, and the 
composite of granulated BF slag powder mix and steel slags of various kinds. The designed 
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grades are C30, C50, and C70. It can be observed that all of the products meet the strength 
requirements of their corresponding grade. The early strength is outstanding. The strength is 
continuously increasing with time. Air blasted slag is utilized for the No. 12 test. The 
compressive strength exceeds 70MPa in 3 days, 90MPa in 28 days, and lOOMPa in 360 days. 
Drum quenched slag is utilized for the No. 10 test. It has similar results as the No. 12. 

Concretes made of same steel slag (e.g. No. 6, 9 and 10 with DQ slag and No. 8, 11 and 12 
with AB slag) show increased strengths with the increase of composite and the increase of 
composite to water ratio. Based on the theory of W/C (water to cement ratio) [3], the strength 
of hardened concrete relies more on the W/C ratio than the cement quantity. Low W/C means 
thicker slurry, which results in higher strength. This indicates that the increase of the 
concentration of cementitious materials in a concrete will yield concrete of higher strength. 

Strength is the most important mechanical property of concrete [4]. This is simply because 
concrete is mostly utilized for load bearing or force resisting. For the concrete of this study, 
the hardening of the cementitious materials (produced by the composite of BF slag and steel 
slag, plus other additives) and the sand and aggregates determines the strength that is 
developed from them. The mechanical strength of the artificial stone depends on the 
characteristics, quantities, ratios, and structures of the mineral constituents. The composite of 
BF slag and steel slag produces intermixed needle like aluminum sulfate hydrates and velvet 
like silicate hydrates within one day. In three days, it can be observed that the aluminum 
sulfate hydrates are covered with the velvet silicate hydrates. In addition, the rod shape and 
granular shape silicate hydrates also appeared. After 28 days, dense structures of intermixed 
aluminum sulfate hydrates and silicates hydrates are formed. 

A microhardness test was conducted on a 7 days sample. A polished section was made from 
the sample and the microhardness was examined along a line from the center of a aggregate 
to the matrix. The results are shown in Figure 5. The microhardness is 620 Kg/mm2, 231 
Kg/mm2 and 71 Kg/mm2 for the aggregate grain center, boundary and matrix, respectively. 
The microhardness of the boundary is 3 times of that of the matrix. This demonstrates that 
the boundary of the grain and the matrix is hydrated and well bounded with the hardened 
hydrated products. This is different from the bounding from the Portland cement. In a 
previous study [6], it was shown that the boundary of the grain and matrix in concrete using 
the Portland cement has the lowest microhardness than the grain and the matrix. It is the 
weakest part of a concrete, with the hardness of about 40 to 90% of the matrix (Figure 6). 
Therefore, the composite of the granulated BF slag powder mix and the steel slag offers 
much better cementing nronertv than the resular Portland cement on makine a concrete. 

Aggregate B Matrix Aggregate B Cement 

Figure 5. Mierohardness around boundary. Figure 6. Microhardness near cement boundary. 
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Engineering Applications 

The concrete using the composite of BF slag and steel slag has been evaluated in many 
engineering projects to understand their long term performance. Some of these projects 
were carried out about 30 years ago. The results of these tests show that the composite based 
concrete has long life, excellent structures, and continuously increasing strength. Their 
microstructures are dense without any fractures around the grains observed. A few examples 
are presented here. 

A project was carried out in 1985 to build a natural gas maintenance workshop with the 
composite concrete, including the foundations and pillars to support the crane operations. 
The pillars were prefabricated with steam curing, which reached 57% of the design strength 
within one day. After one day curing, the pillar was removed from the mold and lifted with a 
crane to the place. No cracks or damages were found. The workshop has been operated until 
now without showing any problems. An external agency has been called to examine the 
project 4 years after its construction. Nondestructive ultrasound and rebound hammer tests 
were conducted (Figure 7). Its conclusions include: 

a. The foundations and steel beam reinforced concrete corbels have satisfied the designed 
strength requirements according to the nondestructive testing, and hence achieved its load 
bearing requirements. 

b. The composite concrete is dense and has no cracks or other damages. 
c. Both the interior and field tests show excellent quality. 
d. There is no inside or out damages after years of use. 

A road using the composite concrete was constructed along the dorm of the company in 1984 
(Figure 8). The concrete is 200 mm thick. The designed strength is grade C20, and the tested 
strength is 28.5 MPa. After 22 months of use, a core was obtained and the strength has 
increased to 113%. After 26 years in use, another core was obtained and the strength was 
35.1 MPa, equivalent to 123% increase. The strength is increasing with time. The surface of 
the road is still smooth, without seeing pitting and sand detaching. 

Fig.7. Nondestructive test on 4 years old corbels. Fig.8. 26 years old road using composite concrete. 

Figure 9 is a SEM picture of the 26 years sample. Figure 10 shows the elemental analysis of 
the marked point in Figure 9. The point shows that this grain is a solid solution of Mg, Fe and 
Mn in oxide form (RO phase). This RO phase is surrounded by the velvet phase in a steel 
slag grain. In the typical steel slag, RO phase disseminated within the dicalcium silicates. The 
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velvet surroundings suggest that these dicalcium silicates have been hydrated in the last 26 
years to form the hardened hydrated gels. The RO phase is stable. It didn't participate to 
hydration reaction. The steel slag grains and the surrounding matrix are densely connected. 
No cracks or fissures are observed, indicating no expansion. In the petrographic analysis, it 
shows that small steel slag particles have been hydrated, which consumes the calcium and 
leaving Mg and Fe RO grains behind, sticking out as an island in the hydrated products 
(Figure 11). 

Fe metals left in the slag can be observed in Figure 12. There is no oxidation of the Fe metal 
grain after 26 years use, which is an additional evidence supporting that the composite 
concrete is dense. 

Fig,9. Solid solut ion phase Φ of Fe, Mg and Mn. Fig. 10. Elemental analys is of spot "6 

Fig, 11. Small particles left in the hydrated matrix. Fig. 12. Metal particles in the composite concrete after 26 years. 

Conclusions 

1. Composite of granulated BF slag powder mix and steel slag is a good cementitious 
material. 

2. Concrete can be made using the composite to replace the Portland cement. 

3. The hydrated products from the composite include various aluminum sulfate hydrates and 
silicate hydrates. These hydrates are densely intermixed. Steel slag particles are part of the 
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reactants. The final products are the hardened hydrates with very dense microstructures. 

4. The nondestructive testings show that the composite concrete utilized in various civil 
projects are sound. The strength increases with time. 

5. The composite concrete is still stable after 26 years in field use. Petrographic analysis of 
the core sample shows that the active ingredients in the large steel slag particles reacts first, 
which exposes the stable RO phase. Small slag particles also hydrates, consuming calcium 
and leaving RO of Mg and Fe as islands in the hydrates matrix. Steel slag particles forms 
dense mass with the matrix. Iron particles in the slag were not oxidized. There were no 
expansion from the free CaO and free MgO. 
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Abstract 

Steel industry has been expanding every year, consequently there has been an increase in waste 
generation in this area. Thus, companies in this sector are finding it difficult to give a correct 
destination of waste. For example, only in a basic oxygen fiirnace (BOF) converter are generated 
about 18kg of dust per ton of steel. The aim of this work was the characterization of dust 
generated in the BOF converter. The characterization was performed by chemical analysis 
(titration for iron and its oxides and Inductively Coupled Plasma Atomic Emission Spectroscopy 
for other elements), scanning electron microscopy, size analysis using Mastersizer 2000 
equipment and X-ray diffraction. It was observed that dust is composed mainly iron in form of 
magnetite, metallic iron and wustite with approximately 99% of the particle size below lOOum. 

Introduction 

Today, steel is a important metal for the world. It can be produced for two routes, blast furnace/ 
basic oxygen furnace (BOF) converter and electric arc furnace (EAF) [1]. 

First route, the iron is produced from the reduction of iron ore and coke for fuel injection and/ or 
natural gas for a production of pig iron in blast furnace. The pig iron is sent until BOF converter 
to perform the blowing of oxygen to obtain the steel. In the second route, the steel is produced 
using scraps or direct reduced iron (DRI) using electric arc. 

During steel production are generated a lot of wastes like slag, sludges, scraps and dust [2]. Only 
in the first six months of 2010, world steel production totaled 706 million tons [3]. According to 
Watson and Wang [4], some 10 to 20 kg of dust is generated per tonne of liquid steel produced. 
Thus, the reuse of these wastes can be a great to companies, because it reduces the amount of 
raw material to be extracted and reducing disposal costs [5,6]. 

Basic oxygen furnace is responsible for over 60% of the total steel production, and it is the 
second largest generator of solid waste in an integrated steel mill, contributes with 27 wt.% of 
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the solid waste generated in the plant. In this sector are generated about 5 to 7 million tons per 
year worldwide [7,8,9], 

The BOF dust is generated by blowing of oxygen in pig iron. When occurs oxygen contact with 
the pig iron small particles are generated. These particles are removed from furnace off-gases in 
bag-houses [4], The figure 1 shows the process of particle generation in the BOF converter. 

Figure 1: Process of particle generation in the BOF converter. 
♦Footnote: Mendes, 2009 [10]. 

The main elements present in the BOF dust are Fe, Ca, Mn, Pb, Mg and Zn [11,12]. The Fe can 
be present as wustite and magnetite [6]. In the table I can be seen some composition of BOF 
dust. 

Table I: Components present in the BOF dust. 

Components 
Total Fe 

Si02 
MnO 
CaO 
MgO 
ZnO 
Pb 

Na20 

wt.% 
55.4 
2.3 
1.8 

10.6 
3.7 
1.7 
-

0.3 

wt.% 
47.9 
1.4 
0.3 
13.0 
0.5 
6.7 
0.5 
0.7 

♦Footnotes: Hay and Rankin,1994 [13];OXIFINE, 2002 [14]. 

The BOF dust usually is dumped in landfill sites. Thus, it can cause environmental problem 
because the heavy metals like Pb and Zn can be leaching [11]. 
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The steel industry is growing. Therefore this results in increased waste generation. There is 
potential for the development of fundamental studies and innovations for the exploitation and use 
of waste as raw material to be introduced into the productive cycle. 

However for the development of new techniques for reuse of waste is necessary to know it. The 
aim of this work is to perform the characterization of the BOF dust for developments of new 
routes for its reuse. 

Materials and Methods 

Initially was coleted about 20kg from BOF dust. It was dried in muffle furnace at 60°C for 48 
hours and it was manually homogenized. The next step, the dust was characterized by chemical 
analysis, scanning electron microscope coupled with EDS, X-ray diffraction and size analysis. 

Chemical analysis was carried out by titration for iron and its oxides. For other elements, the 
chemical analysis was performed by Inductively Coupled Plasma Atomic Emission Spectroscopy 
(ICP). For perform ICP analysis the sample was digested in aqua regia for 24 hours and diluted 
in distilled water. 

For accomplish scanning electron microscope the sample was coated with gold. The images were 
obtained for secondary electrons. The size analysis was realized using Mastersizer 2000 
equipment. In this test was used water as dispersant and ultrasound for 5 minutes. The X-ray 
analysis was carried out in SIEMENS equipment, model 500. It was conducted between 5 to 70 
degrees. 

Results and Discussion 

In the table II shows results obtaind from BOF dust by titration and Inductively Coupled Plasma 
Atomic Emission Spectroscopy. 

Table II: Chemical analysis obtained from BOF dust. 

Components 

Total Fe 
Metallic Fe 

Fe+2 

Fe+3 

CaO 
MnO 
MgO 
Si02 

ZnO 
PbO 

wt.% 

46.9 
2.2 

44.4 
0.3 

23.2 
3.4 
2,1 
2.0 
1.9 
0.1 
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It can be observed in the table II that total Fe (46.9 wt.%) is the main component found in BOF 
dust. The total Fe was found in three forms, metallic Fe (2.2 wt.%), Fe+2 (44.4 wt%) and Fe+3 

(0.3 wt%). It also found 23.2 wt.% of CaO. According to Mendes, CaO is coming from calcite 
mat is introduced into basic oxygen furnace [10]. 

Other elements also were found in less proportion like MnO, MgO, ZnO, Si02 and PbO. The 
Si02, CaO, MgO are from slag. According to brazilian laws, this dust is classified as class I, 
hazardous waste [15]. 

Figure 2 shows X-ray obtained from BOF dust. It can be seen that main iron's phases found were 
wustite, magnetite and iron. It also was found quartz and calcite, magnesium peaks. According to 
Yi et all [16], FeO or Fe203 are the main phases components from BOF dust. In this work, the 
main phase found was FeO. The S1O2 peak can be from slag. 

The X-ray proves the results obtained by chemical analysis that showed that the main phases 
found was Fe*2 from wustite and magnetite. 
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Figure 2: X-ray spectra of BOF dust sample. 

Figure 3 shows images obtained from scanning electron microscopy and figure 4 shows EDS 
analyses performed together with scanning electron microscopy. It can be observed that the main 
peaks found were Fe, Ca, Mn, Mg and O. These results shows that Fe is present in greater 
proportion than other constituents. 
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Figure 3: Images secondary electrons from BOF dust lOOOx. 
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Figure 4: EDS spectra of BOF dust. 

Figure 4 shows size analysis obtained by mastersize equipmente from BOF dust. It can be seen 
that particle size distribution is situated in the range 0.128 to 158.5 μχη, with 98.2% smaller than 
100 urn. It was also observed that 50% of the particles were less than 10.08 urn. 
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The fine particle size is one of the major problem found for reclycing of this dust. Thus, it is 
necessary process of agglomeration to use this dust [7]. 

Figure 5: Size analysis from BOF dust. 

Similar results were obtained for Mikhail and Turcotte [7]. Their data showed that almost all the 
BOF dust is under 100 urn. 

Conclusions 

The characterization of the BOF dust showed that the main element was Fe (46.9 wt%). The 
main Fe phases found were wustite and magnetite. These phases are constituted mainly for Fe+2. 
Hie size analysis showed that approximately 98% smaller than 100 urn, thus is necessary process 
of agglomeration to use this dust. 
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Abstract 

Cycled fluidized bed ash (CFBA), a significant portion of fly ash produced from 
coal-fired power plants and rejected from the ash classifying process, has remained 
unused due to its high free CaO and SO3 content. It is necessary to extend research on 
the method to reduce the expansion and improve the compressive strength by some 
effective chemical activator. This paper presents experimental results on the 
expansion by Le chateriier tester and the compressive strength. Hydraulic ash-zeolite 
(HAZ) cementitious material was blended as the chemical activator to study the 
effects of the activator on the expansion and the compressive strength. The results 
show that HAZ can not only reduce the expansion, but also increase the prisms 
compressive strength. Scanning electron microscope observation and X-ray 
diffraction analysis indicate that the main hydrated products of the sample are calcium 
hydroxide, ettringite, zeolite and calcite, which can explain the results of the 
expansion and the strength tests. 

Introduction 

Nearly 80% of the electricity in China is produced by coal-fired plants, which results 
in the production of a large quantity of coal combustion residues, among which coal 
fly ash is the major component. Because ofthat the air-pollution becomes heavier as 
time going on. Cycle-fluidized-bed-combustion systems are retrofitted to meet 
air-emission standards mandated by China Clean Air Act. Cycle fluidized bed ash 
(CFBA) will present new challenges for coal-combustion byproduct management. 
The use of cycle-fluidized-bed ash as a cement replacement in concrete is the most 
attractive one because of its high volume utilization and widespread construction. 
However, the replacement of cement with cycle fluidized bed ash in Portland cement 
concrete usually increases the expansion and decreases the early strength of concrete. 
In many research of this field, most of them were focus on the activation of 
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pozzolanic activity of CFBA and to make all kinds of blend cement. A number of 
studies had been carried out on the activation of CFBA using chemical activators. 
These studies involved using different activating methods including alkali activation 
and sulfate activation £1, 2]. The former involved the breaking down of the glass 
phases in an elevated alkaline environment to accelerate the reaction [3, 4]. The later 
is based on the ability of sulfates to react with aluminum oxide in the glass phase of 
CFBA to produce ettringite that contributes to the strength at early ages [5-7]. With 
respect to sulfate activation, the use of gypsum and sodium sulfate had been well 
studied [5-8]. HAZ is one of HAS sub-products which is a patentd chemical activator 
made by Wuhan University (ZL98113594.3). It had been used to activate CFBA to 
produce blend cement in many Chinese engineering projects and time has told us that 
it is a good activator. 

Great progress has been made in this field in recent years and then there was a 
emphases assignment given by Technology committee of Wuhan city to make high 
pozzolanic activity cement material in which CFBA mix ratio exceed 40 percents. It 
was inferred by Shunsuke that calcium hydroxide is insufficient for proceeding of 
pozzolanic reaction in CFBA cement paste. When the substitution rate of CFBA is as 
high as 60%, calcium hydroxide is so insufficient that self-neutralization may occur. 
Therefore, it is desirable to not exceed 40% of the CFBA substitution rate of cement 
[9], In this study, the focus is on the activation of activity of CFBA using HAZ. The 
purpose of this study is to find an effective and simple mix ratio of HAZ to keep the 
soundness and to increase the strength of blend cement in which CFBA mix ratio can 
range from 40 percents to 70 percents. 

Materials 

The CFBA used in this study was from Tianmushan Power Plant in Hangzhou City. 
Its chemical compositions and main physical properties are given in Table 1. It can be 
seen that free CaO and S03 in the form of lime and anhydrite. In addition to 
pozzolanic properties, they can have hydraulic activity with just the ash itself [10, 11]. 
These ashes can form, with water, relatively strong materials without the need of an 
activator. The content of SO3 and f-CaO are higher than 3%, which are the max ratio 
to mix with the clinker of fly ash allowed in China codes. 

Table 1. Chemical composition of the sample from Tianmushan power plant. 

Oxides 
Si02 

AI2O3 
Fe203 

Total CaO 
f-CaO 
MgO 

Content % 
31.15 
18.07 
4.21 
26.51 

5.8 
1.06 
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so3 
Loss on Ignition 

9.56 
8.12 

The cement and the cement clinker used in this experiment were bought in Wuhan city. 
Its chemical compositions are given in Table 2. 

Table 2. Chemical composition of cement clinker. 
C3S C2S C3A C4AF CaSQ4 

56.47 14.04 6.93 13.62 1.00 

Hydraulic ash-zeolite (HAZ) is one sub-products of Hydraulic ash-slag cenmentitious 
material (HAS) that is a patented chemical activator made by Wuhan University 
(ZL98113594.3). It is a kind of Hydraulic ash-slag cement material which was made 
up of pozzolanic concrete dust, byproduct of alkali industry, high blast furnace slag 
and some chemical agents. HAZ can make the expansion lower by give crystalloid 
inducement and change pH of the surroundings. Figure 1 gives the XRD pattern of 
HAS motar. 
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Fig. 1. XRD of HAS motar: (1: CaMgSi207; 2: CaAl2Si203; 3: CaAl2Si07; 4: 
CaAlSiA107; 5: Ca(OH)2; 6: CaSi03; 7: CaAl407) 

Experimental Procedure 

The test specimens were prepared in two different batches. The first batch was used 
for determining the effect of HAZ content and amount of mixing CFBA on the 
cylinder expansion. Cylindrical specimens of 2.50 cm in height and diameter were 
made in this batch, which was molded by Le chaterlier tester. The water-to-binder 
ratio was 0.35 for all the mixes. To study the effect of CFBA content on prisms 
expansion, the ratios of CFBA and cement clinker in the mix were varied from 
30:70% to 70:30%. For comparison, the same experiments were done on pastes with 
30% CFBA and 70% cement without any HAZ. To study the effect of HAZ content 
on mortar strength and the expansion, the ratio of HAZ dosage was varied from 0.5% 
to 2%. All the component mix together and were ground in a lab ball mill to produce 
fine powders with a particle size of less than 75μπι. 
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The second batch specimens were used for determining the effect of HAZ content and 
amount of mixing CFBA on mortar strength. The mix was cast into a 70.7x70.7x70.7 
mm mold by hand. They were made from CFBA cementitious material-sand mortars, 
containing 60% mix of CFBA cementitious material and 40% sand. The ratios of 
CFBA and cement clinker in the mix were varied from 30:70% to 70:30% in the 
CFBA cementitious material. 

After molding, test specimens were cured in a moisture chamber with a temperature 
of 20± 2°C and RH>90%, After a certain period of curing in the above-mentioned 
trial environments, the mortar specimens were tested for compressive strength. At the 
same time the paste specimens were analyzed using Scanning electron microscope, 
FT-1R, Differential Thermal Analyzer-Thermogravimetric (DTA-TG) and X-ray 
diffraction, and the composition and structure for new formations of the cementing 
matter were determined. 

Result and Discussion 

Expansion Decrease 

Table 3 shows the results of soundness tested by Le chaterlier tester, in which the 
CFBA dosage ranges from 30% to 70%. In Table 3, it can be seen that the pastes was 
broken when the CFBA replacement beyond 30%, in which there was no HAZ dosage. 
Figure 2 shows the photos of the broken cylinder and the soundness one. Table 3 
shows that the maximum rate of the expansion reduction of the prism was achieved at 
2% HAZ dosage, Expansion of CFBA-cement clinker with 2%(wt) of HAZ reduced 
by 47,8% compare to the same mix with no HAZ dosage. In Table 3 it can also be 
seen that expansion increased with increasing CFBA content at a constant HAZ 
dosage. For the mixes replacement of disposed CFBA increase from 40% to 70%, the 
expansion increased by 5.3%, 21.1% and 78.9% when 2%(wt) HAZ added. With 
1% HAZ dosage, the expansion increased by 7.4%, 11.1% and 33.3%. On the other 
hand, it can be seen in Table 3 that the expansion changed at different HAZ dosages 
and all of the results of expansion show that the decrease at every replacement of 
disposed CFBA is 42%, 45%, 30.4%, and 17% when the HAZ dosage changed from 
1% to 2%. It can be concluded that the major parameter of the expansion is not the 
replacement of disposed CFBA but the HAZ dosage. 

Table 3. Schemes and results of expansion. 

Cement L e 

Samples cement CFBA HAZ Expansion chaterlier ciinKer f , . 
_ _ _ __ value(mm) 

1 70% 
2 
3 
4 

60% 
50% 
40% 

30% 
40% 
50% 
60% 

2% 
2% 
2% 

Broken 
Soundness 
Soundness 
Soundness 

1.9 
2.0 
2.3 
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5 
6 
7 
8 
9 
10 

30% 
60% 
50% 
40% 
30% 
30% 

70% 
40% 
50% 
60% 
70% 
70% 

2% 
1% 
1% 
1% 
1% 

0.5% 

Soundness 
Soundness 
Soundness 
Soundness 
Soundness 
Soundness 

3.4 
2.7 
2.9 
3.0 
3.6 
4.3 

Table 4. Schemes and results of strength. 

Samples 

1 
2 
3 
4 
5 
6 

CFBA 

70 
70 
70 
60 
50 
40 

Cement 
clinker 

30 
30 
30 
40 
50 
60 

HAZ 
dosage 

0.5% 
1% 
2% 

MPa 
compressive strength 

3d 

8.0 
9.2 
8.4 
5.8 
6.0 
10.6 

7d 

18.2 
19.6 
20.4 
10.1 
10.8 
19.3 

28d 

39.8 
41.4 
43.6 
25.8 
27.7 
40.7 

Figure 2. The photos of the broken and the soundness prism. 

The reason may be that, during the hydraulic reaction, the free CaO in CFBA reacted 
with water and produced C-H, which caused the volume expansion. As the free CaO 
has good surface activity, it can absorb the water in the capillary pore and produce 
Ca(OH)2, which can keep the C-H out of capillary pore as its crystal size and kind, 
which make the volume bigger than the compute, and then the cubes broken [12,13]. 
In Tables 3 and 4 it can be seen that the higher CFBA ratio come without a bigger 
expansion as the HAZ added. The reason maybe the high pH of HAZ solution 
resulted in the breakdown of the covalent bonds of Ca-O, Si-O, and Al-0 from the 
glassy surface of CFBA [14]. This causes the dissolution of calcium, silicon, and 
aluminium ions, and as a result, calcium silicate hydrate (C-S-H) gels are formed 
quickly by giving the crystalloid inducement, which is responsible for the expansion 
reduction and the compressive strength development of the prisms. 

Compressive Strength Development 

The mortar strength test results are shown in Table 4. The development of HAZ 
activated cementitious material containing CFBA was conducted at different 
concentrations. It is observed that the rate of mortar strength development of the 
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prisms decreased with the increasing concentration of the CFBA. The maximum rate 
of strength development of prisms were achieved at 2% dosage of HAZ is 15%. 
These values were much higher than those of the mortar cubes, which showed an 
increase of 15%, 12.1% and 9.5% at 3, 7 and 28 days curing time, respectively. 

From Table 4, it is also found that the strength of the mix decreased with the 
increasing concentration of the CFBA. For the mixes containing 50% and 60% 
CFBA, the compressive strength decreased by 76.7%, 78.7% and 46.9% after curing 
for 3, 7 and 28 days, respectively. This reduction in compressive strength was 
reported to be caused by the increasing replacement of disposed CFBA [15], where 
similar values were obtained. But the pastes containing HAZ generally had higher 
compressive strength than those without in spite of less replacement of disposed 
CFBA. This maybe due to HAZ reacted with CFBA and cement clinker during the 
hydraulic reaction, and made the hydration products with zeolite. When the zeolite is 
formed, it could directly affects the hydration rate of CFBA cementitious material. As 
a result, the strength of the prisms with HAZ blended is greatly higher than that of 
those prisms without HAZ blended. This confirmed that HAZ is the direct parameter 
of the expansion reduction and the compressive strength development of the prisms. 

SEM Observation on HyflratiQn Products 

The microstructure of the fractured surface of the pastes with different HAZ dosages 
were studied by SEM and the ratio of HAZ dosage were 0%, 0.5%, 1% and 2%. 
Figure 3a shows the micrographs of the paste without any HAZ dosage cured for 28 
days. It can be found that a number of particles of CFBA had already been etched 
although smooth ones still existed. Compared with others that containing HAZ, the 
surface of the CFBA particle was smoother and rounder. This suggested that CFBA 
has not yet entered into an active state of reaction ,which was consistent with the 
results of the compressive study. 

The CFBA particles also remained smooth in the paste mix with 0.5%(wt) HAZ 
dosage. Figure 3b shows that no obvious salty crystal was observed. As for the pastes 
with 0.5%(wt) HAZ dosage, the CFBA particles were etched sharply and appeared to 
have reacted partly. In Figure 3c, it was found that the surface of CFBA particles 
appeared to be broken and reacted significantly, in which the HAZ dosage was 1%. It 
shows that the CFBA particles had reacted with the HAZ, resulting in more platy 
crystals and gel-like products surrounding the CFBA particles. The boundary between 
CFBA and the other hydration products can not be distinguished easily. 

Figure 3d shows that more broken particles of CFBA could be seen and the system 
became much denser at 2% HAZ dosage. This is due to the possibility of CFBA 
activation mainly lies in the breaking down of its glass phase and the CFBA can react 
with HAZ in the binder system [16]. The hydration products of HAZ, zeolite, may 
absorb a large amount of expansion inducers. This is consistent with the results of the 
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exoansion test. 

Fig.3 SEM Photos 

Fraay et. al. [17] reported that in the presence of aqueous lime, the pH value required 
to the dissolution of alumina and silica in fly ash was about 13.3 or higher. The pH 
value of a saturated solution of HAZ is 13.4, so the addition of HAZ did have obvious 
effect on the VFBA-cement system. 

X-rav Diffraction Analysis on Hvdration Products 
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Figure 4. X-ray diffraction patterns of hydration products 

Figure 4 shows the X-ray diffraction (XRD) patterns of the samples hydrated for 3 
and 28 days with 2% HAZ dosage. In Figure 4, the XRD-A is the patterns of 3 days 
hydrated of the sample with 2% HAZ dosage. This figure shows that the CFBA 
hydrated production takes up most of the place. Quartz, C-S-H, Aft, AFm and C-H 
peaks can be identified with certainty. The reason is that CFBA take the controller role 
in this stage of the hydrated reaction with high content in the mixer. In the patterns of 
XRD-B, it can be seen that the main hydrated products of the sample are calcium 
hydroxide, ettringite, zeolite and calcite in the 28 days hydrated production. When 
70% CFBA was substituted for cement, the hydration products of the mixture were 
mostly same as that of pure cement excluded zeolite. All crystal minerals of CFBA 
can be seen in Fig.4 (XRD-B). The diffraction peak strength of calcium hydroxide and 
ettringite basically were the same as that of Portland cement, and the diffraction peak 
strengths of the hydration products clearly decreased. The main reason is that the 
addition of CFBA to the binder may cause a significant dilution effect. Therefore the 
hydration degree of binder has been decreased more than the Portland cement. As the 
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zeolite is the hydration product of HAZ and binder, the absorption and other domino 
effect of it can be responsible for the expansion deduce and the compressive strength 
development of the prisms. Therefore acting as an activator with its addition into the 
binder, HAZ can not only deduce the expansion, but it can also make the prisms 
compressive strength increased obviously. 

FTIR Spectroscopv on Hvdration Products 

In spectroscopic investigations, the spectra of the 4000-300cm"1 region were 
recorded. The FTIR spectra of the samples hydrated for 3, 14, and 28 days with 
2% HAZ dosage are given in Figure 5. 
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Fig. 5. Infrared spectrum of specimens 

The coordination-sensitive ring strenching modes of silica quartz (Si-O-Si) are 
observed at 470cm"1 and the vibrational spectral of silica quartz are observed 
around 1030- 1050cm"1. The spectra A is the spectra of the sample hydrated for 3 
days with 2% HAZ dosage. In the spectra it is can be seen that the vibrational 
spectral of Si-O-Al, Mg-O-H, Al-O-H and H20 were observed at 525-530cm"1, 
840cm"1, 915cm"1 and 16354645cm"1, respectively. The coordination-sensitive 
ring strenching modes of H2O were observed at 3015-3630cm"1. This was mainly 
performed for the quantification of calcium hydroxide (CH) present in the CFBA 
hydration and HAZ dosage was not the major parameters in the hydration reaction 
at this stage. The spectra B and C are the spectra of the samples hydrated for 14 
and 28 days with 2% HAZ dosage. As it is well known that with the curing time 
going, the hydration reaction is developing. In the spectra B and C it can be seen 
that there are obviously vibrational spectral appeared: vibrational spectral of 
calcium hydroxide, ettringite and calcite are observed around 500-1750cm"1 

clearly, There are also some characters of zeolite hydration products in this range 
of the spectra. In fact, the CH content of all specimens is continuously increasing 
with hydration age, as a result of the hydration of CFBA in this stage. And HAZ 
hydration products were increasing and the high pH of HAZ solution resulted in 
the breakdown of the covalent bonds of Ca-O, Si-O, and Al-0 from the glassy 
surface of CFBA. This causes the dissolution of calcium, silicon, and aluminium 
ions, and as a result, calcium silicate hydrate (C-S-H) gels are formed quickly by 
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given the crystalloid inducement, which is responsible for the expansion deduce 
and the compressive strength development of the prisms macroscopically. 

It has been well established that the pozzolanic reactions are highly dependent on 
the calcium hydroxide that exists on the cementitious matrix, the primary HAZ 
content in each mixture. Therefore, the CH contents that remained unbound in the 
systems were also calculated in unitary terms, that is, as a function of the cement 
mass in each mixture. And it is obvious that HAZ hydration control the expansion 
deduce and the compressive strength development of the whole reaction in this 
stage. 

Conclusion 

1. The strength development of CFBA cementitious material in the presence of 
HAZ was considerably higher than the strength development of those without the 
compound. The maximum strength development was achieved at 2% dosage of 
HAZ. 
2. The addition of HAZ compensates the expansion induced by the 70% 
replacement of disposed CFBA. The study results show that HAZ can not only 
deduce the expansion, but it can also make the prisms compressive strength 
increased. 
3. In the hydration products, there were some kinds of zeolite produced, which is 
consistent with the results of XRD result. 
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Abstract 

The aim of this study is to prepare the apatitic material using colemanite mineral 
(2CaO.3B2O3.5H2O) which was obtained from Eastern Anatolia, Turkey. For this purpose, 
colemanite mineral was reacted with different phosphate sources, namely, dipotassiumhydrogen 
phosphate, ammoniumhydrogen phosphate and ortophosphoric acid at various temperatures and 
time periods. Experiments were run in batch system. The apatitic material was prepared by a wet 
method and followed by heat treatment at various temperatures. Structure of the samples was 
analyzed by XRD, FTIR, XRF and SEM. The particle size analysis was also made for the result 
product. The experiments showed that reaction temperature, contact time and heating 
temperature are important parameters to transform the colemanite into apatitic structure. 
Reaction of colemanite with dipotassiumhydrogen phosphate and ammoniumhydrogen 
phosphate results in amorphous, non-stoichiometric hydroxyapatite type structure, while acid 
based phosphate source gives brushite and monetite type product before and after heat treatment, 
respectively. 

Introduction 

Boron which has properties intermediate between metals and non-metals is a member of 
semiconductor group of elements. Its atom is very small and has three valence electrons. Boron 
exists in Earth's crust (from 5 mg/kg in basalts to 100 mg/kg in shale) and in the oceans (4.5 
mg/1) [1]. Turkey has 60% of world's boron reserves which is mostly in the form of colemanite 
(2CaO.3B2O3.5H2O). Colemanite is the most important calcium containing commercial borate 
mineral with 5 mol of crystal water [2]. 

Calcium phosphate cements are very useful for bone repair applications because of its chemical 
structure. They are injectable, easy to shape and can be maintained locally. Because of those 
reasons calcium phosphate cements are very effective to fill bone defects with an irregular shape 
[3]. Hydroxyapatite (Caio(PO)6(OH)2) is the major component of the bone (70 wt%). However, 
hydroxyapatite stoichiometry, composition and crystallinity differ in human skeleton system [4, 
5]. 

The main objective of the present work was to study the transformation of colemanite to apatitic 
material using different phosphate solutions at several time spans and temperatures. The 
experiments were run in a batch system, change in pH and also weight loss were measured after 
the experiments. Several analysis methods were used to investigate the chemical and structural 
changes. 
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Materials and Methods 

Colemanite mineral that was obtained from Eti Bor Kutahya Emet-Espey field was grinded and 
then was sieved by JEL Apparatbeau through stainless steel sieves to produce size ranges 
between 180-250 μηι for the experiments. 

Table 1. Compound Information of Espey Colemanite 

Compound 
B 2 0 3 

S1O2 
Fe203 

AI2O3+T1O2 
CaO 
MgO 
SrO 
As 
S04 
K 2 0 
Na2Q 

Espey Colemanite 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
wt% 
ppm 
wt% 
wt% 
wt% 

48.830 
1.390 
0.320 
0.240 
26.260 
1.090 
0.660 
150 
0.020 
0.16 
0.040 

Three different phosphate solutions were prepared to use in the conversion of colemanite to 
apatite form, K2HPO4 solution was prepared dissolving K2HP04(Merck, 98%) in deionized 
water to give a 0.25 M concentration. pH of the solution was adjusted to 7 by adding a few drops 
of dilute HC1 into the solution for approximating solution's pH to human body fluid [6]. 
(ΝΗ4)2ΗΡθ4 solution was prepared by using(NH4)2HP04 (Merck, 99%) as the same principal of 
K2HPO4 solution and its concentration adjusted to 0.3 M with deionized water. 0.6 M H3PO4 
solution was prepared in deionized water with using 85 %vol. H3PO4 (Merck). Colemanite 
particles were reacted in each solution for a specified time at 37°C and 75°C. The amount of 
reactants was calculated according to Ca/P ratio of hydroxyapatite. After the reaction, the 
product was obtained by removing the solution with filtering flask. Product was decanted three 
times with deionized water and then two times with alcohol. After drying at 90°C for 12 hours in 
an oven, samples had heat treatment at 400°C and 700°C for 3 hours then they were stored in a 
dessicator. pH was measured in specified time intervals and selected temperatures while the 
reaction was going by using inoLab pH/Cond 720. These measurements give some information 
about the ion transfer between colemanite and phosphate solutions. The weight of the colemanite 
was specified before the experiments. So, the weight loss was calculated by subtracting the 
specified weight of the colemanite from samples that were the washed with three times deionized 
water and two times alcohol, and dried at 90°C in an oven after the reactions. Structural and 
chemical changes in both colemanite and the phosphate solution that was resulted after the 
reactions were monitored using several techniques. Boron content of the samples was measured 
using volumetric titration method. After the heat treatment the functional bounds of the solid 
particles were analyzed by FT-IR (Perkin Elmer) in 650-4000 cm"1 frequency interval. The XRD 
patterns of the samples before and after heat treatment phases were collected over a 2Θ range 
from 10° to 90° at a scan rate of 0.05°/s with a counting time of one second. The data collected 
from Bruker D8 Advance X-ray diffractometer. Some selected samples' qualitative and 
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quantitative analyses were made by Rigaku ZSX-Primus II X-ray fluorescent. Also the surface 
spectrums extended in 200-25,000 of those samples were obtained from JEOL 5410 scanning 
electron microscope. 

Results and Discussion 

Weight Loss. B?Ch Concentration and pH Changes 

Fig.l shows the pH changes of the reactions. Ca2+ ions of the colemanite react with P04
3" ion 

from K2HPO4 and (NH4)2HP04 solutions and precipitate apatite. Na+, BO3", and Si04
4" ions 

from colemanite dissolve into the solutions. The strongly basic NaOH that is formed from the 
Na+ ions of the colemanite overwhelms the weak acidic tendency of B(OH)3 and Si(OH)4, so the 
pH increases [6]. From the experiments that were maintained in K2HPO4 solution, it is seen that 
the pH difference is decreasing as the reaction time increases. Besides, the pH values of higher 
temperature experiments are greater than the lower temperature experiments. 

Figure 1. pH changes of the reactions that was made in the (a) K2HPO4 solution 
(b) (NH4)2HP04 solution (c) H3P04 solution 

Dissolution rate of colemanite is proportional to the temperature [7,8]. In this case, the rate of 
dissolution of B2O3 from the colemanite increases as the increasing temperature, so the acidity of 
the solution increases and the pH decreases. Ca+2 ions of the colemanite react with P04

3" from 
the hhPQt solution and forms brushite and monetite. pH values of the reactions which were 
carried out at 37°C are greater than the 75°Cs because of the direct proportion of dissolution rate 
of B2O3 to the reaction temperature [7]. Weight loss percent and change in B2O3 concentration of 
the solutions are seen in the Fig.2 and Fig.3, respectively. Since dissolution of the B203 from the 
colemanite increases, weight loss percent also increases as the temperature and the time for all 
the reactions. 
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Figure 2. Weight loss of the reactions that was made in the (a) K2HPO4 solution 
(b) (NH4)2HP04 solution (c) H3PO4 solution 
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Figure 3.B2O3 concentration of the solutions for the reactions that was made in the 
(a) K2HPO4 solution (b) (NH4)2HP04 solution (c) H3PO4 solution 
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Structural and Chemical Changes of Colemanite 

FTIR analysis before the heat treatment of 1 hour experiments that was made with K2HPO4 
solutions is seen in Fig.4. The dominant bonds to represent hydroxyapatite are the phosphate V3 
which are centered at 1094 cm"1 and 1032 cm"1^]. The phosphate v3 bond is seen at 1024.05 cm" 
1 for the reaction at 37°C and 1023.87 cm*1 for the reaction at 75°C. v3 band for the 
stoichiometric hydroxyapatite is located at 1030 cm"1, besides for non-stoichiometric 
hydroxyapatite V3 band is located at nearby 1020 cm'1 [9]. The band comes from water is seen 
very weak at 3248.50 cm"1 for the reaction at 75°C. The peaks at 1200 cm"1 and 1600 cm"1 

interval represents the trigonal BO3 bonds in the structure [5]. Trigonal BO3 bond is seen at the 
37°C experiment's curve but gives weak peak when the temperature is raised to 75°C. V3 
phosphate bands are seen at 1023.33 cm"f at 37°C and 1022.54 cm'1 at 75°C for 3 hours 
experiment. The intensity of the phosphate band increases as the temperature increment while the 
BO3 bond intensity is weaker than 1 hour experiment because of the increase in B2O3 dissolution 
rate by time. For the 6 hours experiment the phosphate bonds are seen at 1023.09 cm"1 at 37°C 
and 1023.31 cm"1 at 75°C. In the 12 hours experiment, phosphate bonds are seen at 1022.03 cm"1 

at 37°C and 1022.71 cm"1 at 75°C. 
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Figure 4. FTIR spectra for the samples that was in K2HPO4 solution before heat treatment 
(a) 1 hour (b) 3 hours (c) 6 hours (d) 12 hours 

The FTIR data before the heat treatment for the reactions that were done with (NH4)2HP04 are 
seen in the Fig.5. Phosphate bands are seen at 1025.56 cm"1 at 37°C, 1025.70 cm"1 at 75°C for 1 
hour experiment; 1025.38 cm"1 at 37°C, 1025.12 cm*1 at 75°C for 3 hours experiment; 1022.52 
cm1 at 37°C, 1024.84 cm1 at 75°C for 6 hours experiment and 1023.30 cm"1 at 37°C, 
1025.76 cm"1 at 12 hours experiment. The band strengths are getting stronger as both the time 
and temperature increment. 
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Figure 5. FTIR spectra for the samples that was in (NH4)2HP04 solution before heat 
treatment (a) 1 hour (b) 3 hours (c) 6 hours (d) 12 hours 

FTIR spectra analysis for the reactions done with H3PO4 solution is seen in Fig.6. For 1 hour 
reaction, the peaks 3161.50 cm"1 at 37°C, 3475.55 cm'1 and 3158.70 cm"1 at 75°C represent O-H 
stretching bonds. 1644.15 cm4 at 37°C and 1643.83 cm"1 at 75°C is for the H-O-H bonds that 
come from free water substance of the structure. The peaks represent asymmetric stretching of 
PO bonds are seen 1123.21 cm4, 1055.05 cm"1 and 984.82 cm"1 at 37°C; 1122.71 cm1, 1054.34 
cm1 and 984.82 cm"1 at 75°C [10,11,12]. P-0(H) stretching bonds are seen 869.11 cm"1 at 37°C 
and 868,20 cm4 at 75°C [13]. The peaks of 768.08 cm"1 at 37°C, 783.26 cm"1 and 868.20 cm"1 at 
75°C represent the B-0 bending bonds that come from B203 from the structure. For 3 hours 
reaction, O-H stretching peaks are seen between 3150-3480 cm"1, H-O-H peaks that come from 
hydrate structure is seen nearby 1644 cm"1; PO peaks are at 948-1123 cm"1; P-O(H) stretching 
peaks are at nearby 868 cm'1 and B-0 bending peaks are at 780-790 cm"1. For 6 hours reaction, 
O-H stretching peaks are seen nearby 3160 cm , H-O-H peaks that come from hydrate structure 
is seen nearby 1643 cm*1; PO peaks are at 948-1123 cm"1; P-O(H) stretching peaks are at nearby 
869 cm4 and B-O bending peaks are at 780-795 cm'1. For 12 hours reaction, O-H stretching 
peaks are seen nearby 3160 cm"1, H-O-H peaks that come from hydrate structure is seen nearby 
1643 cm'1; PO peaks are at 984-1124 cm4; P-O(H) stretching peaks are at nearby 869 cm'1 and 
B-0 bending peaks are at 785-792 cm4. 
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Figure 6. FTIR spectra for the samples that was in H3PO4 solution before heat treatment 
(a) 1 hour (b) 3 hours (c) 6 hours (d) 12 hours 

The XRD pattern for the 1 hour reaction that was happened in K2HPO4 solution before the heat 
treatment contains 16° and 32° 2Θ peaks that represents hydroxyapatite in both 37°C and 75°C 
temperatures [7]. In the 37°C reaction, the dominant structure is calcium borate hydrate 
(Ca2BioOl7.5H20) is seen in Fig.7. 

Figure 7. XRD patterns for 1 hour reactions. 
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Calcium borate hydrate is also dominant in the 12 hours reaction that is seen in Fig.8. The heat 
treatment in 700°C with 10°C/min temperature rise was applied on the sample for 3 hours and its 
effect is seen in Fig.9. The XRD patterns show that the apatite structure is formed and boron is 
diffused into the hexagonal system that was made by calcium and phosphate bonding [14]. 
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Figure 8. XRD patterns for 12 hours reactions. 
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Figure 9. XRD patterns after 700°C heat treatment. 

Calcium borate hydrate structure is seen in the XRD patterns of the products of the (NH4)2HP04 
solutions at 15,78° and 31.82° in Fig. 10 [7]. After the heat treatment, hyroxyapatite peaks are 
seen in the structure. 
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Figure 10. XRD patterns of (NH4)2HP04 (a) 12 hours reaction without heat treatment 
(b) 12 hours and 37°C temperature reaction with 400°C heat treatment for 3 hours. 

The XRD patterns of the selected cases for the H3PO4 reactions (Fig.l 1) show that the structure 
of the colemanite remains but with the direct proportion to temperature and time, brushite 
(CaHP04.2H20) is seen in the structure. After the 400°C 3 hours heat treatment, the water that 
was bonded to the structure is vapoured and the brushite turns into the monetite (CaHPCU) [7]. 
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Figure 11. XRD patterns of H3PO4 (a) 12 hours and 75°C reaction without heat treatment 
(b) 12 hours and 75°C temperature reaction with 400°C heat treatment for 3 hours 

SEM images of the selected samples are seen in Fig. 12. Plate like surface and the porous 
structure is seen in the 6 hours 37°C and 75°C temperature experiments that were made in 
K2HPO4 solutions [6,15]. For the experiments with (NH4)2HP04 solutions, after the 700°C heat 
treatment the plate like surface is obtained. Besides, calcium phosphate substances are formed on 
the plate like surface before the heat treatment [3,16]. 
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Figure 12. SEM images of (a) 6 hours and 37°C reaction in K2HP04 solution with 700°C heat 
treatment (b) 6 hours and 75°C reaction in K2HP04 solution with 700°C heat 

treatment (c) 12 hours and 75°C reaction in (NH4)2HP04 solution (d) 12 hours and 75°C 
reaction in (ΝΗ4)2ΗΡ04 solution with 700°C heat treatment 

XRF analysis of some selected products that was made in the K2HP04 solutions is seen in the 
Table II It is seen that non-stoichiometric hydroxyapatite structure is formed in the reactions. 
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Table II. XRF analysis 

3hr75°C 

6hr37°C 

6hr75°C 

CaO 

49.08 

53.29 

48.98 

P2O5 

36.89 

36.92 

35.73 

Ca/P 

1.68 

1.82 

1.73 

Conclusions 

The apatitic structure was successfully obtained from colemanite using basic phosphate solution. 
The products from the reactions that were made in both K2HPO4 and (NH4)2HPC>4 solutions have 
hydroxyapatite structure after the heat treatment. It was concluded that B2O3 substance in the 
powder was diffused into the hexagonal cage system after the heat treatment. In the SEM 
images, it is seen that the plate like surface is formed after the heat treatment but the heat 
treatment causes cracks on the surface. Apatitic structure cannot be gained in the acidic 
phosphate solutions; however, monetite and brushite formation was obtained in the H3PO4 
solutions. 
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Abstract 

Setting of concrete material is defined as the transitional period between states of true fluidity 
and true rigidity. Initial and final setting times are measured in the laboratory on the mortar 
sieved from the mix in a controlled environment where temperature and moisture values are 
constant. On the other hand, field applications are held in outdoor environments where 
environmental variations have direct impact on setting time values. In this study, initial setting 
time of class K concrete, usually used for bridge decks and concrete pavements, are investigated 
highlighting discrepancies between laboratory and field measurements. 72 mixes have been cast 
in variable environments and collected data from concrete mixes and the ambient conditions are 
reported. In light of the collected data, the effects of variable setting times on early age cracking 
of concrete material are studied and means to minimize such cracks are presented. 

Background 

Setting of concrete material is defined as the transitional period between states of true 
fluidity and true rigidity [1], Continuous hydration of the cement within the matrix 
transfers the mix from a state of setting to hardening. Initial and final Setting times are 
measured in a laboratory setting following ASTM C 403 specifications. Initial setting 
approximates the time at which the cement paste can no longer be plastic under 
compaction (or can be handled in a proper fashion), while the final setting approximates 
the time at which hardening occurs. The standard test described in ASTM C 403 is 
conducted on the mortar sieved from the mix (paste passing from 4.75 mm sieve opening). 
Initial and final settings are described as the elapsed time after the initial contact of water 
and cement till the mortar reaches a penetration resistances of 3.5 MPa (500 psi), and 27.6 
MPa (4000 psi) respectively. 

Temperature evolution of the concrete mix plays a leading role in defining the paths to 
setting then hardening of the concrete material. Much experimental data put into evidence 
that temperature plays a significant role in the development of concrete strength during 
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the curing process [2], Mathematical models that describe early age hardening of concrete 
mixes incorporate temperature effects in their formulation [3,4]. The most known of those 
is the maturity method, that provides an equivalent age of the concrete mix based on the 
mix's temperature time history, in reference to a known temperature. The method is 
described in ASTM C1074-98 where the maturity index is expressed in terms of a 
temperature-time factor and equivalent age established from recorded temperature 
history of the concrete in the field. 

While setting times of a concrete mix are measured in a controlled laboratory environment, the 
actual application of any mix takes place in the field, where temperature, relative humidity, solar 
radiation, and wind velocity cannot be controlled. This work sheds some light on discrepancies 
between initial setting results obtained from laboratory measurements versus those obtained from 
the field, and offer analysis on the contribution of such discrepancies in early age cracking of 
bridge decks, 

Experimental Program 

Six class K concrete mixes (Mi to M6) were designed and cast in the laboratory as well as in 
various outdoor environments, Each mix composition featured either a set accelerator or a set 
retarder admixture that gives a variety of setting times for each mix. An additional plain concrete 
mix was also cast as a reference. Such mixes were subjected to a variety of environmental 
settings which constitute typical pouring days during late spring and summer seasons in West 
Virginia. During this construction period, the average high temperature is around 29°C (85° F) 
with peaks of 35°C to 40eC (95°F to 105°F) around noon. Typically, this ambient temperature is 
sustained during the afternoon, and decline to around 25°C- to 20°C (77°F to 68°F) during the 
early evening. The purpose of this set of tests is to gather an array of data that describe the 
environmental elements and their effects on concrete curing, specifically setting times and heat 
of hydration. Sets of slab specimens 0.3mx0.25mx0.13m (12inxl0inx5in) of each mix are cast 
outdoors at four different times along the day. The selected pouring times are: 

T{: between 9:00 AM and 10:00 AM; (morning pour) 
T2: between 12:00 PM and 01:00 PM; (early afternoon pour) 

T3: between 02:30 PM and 03:30 PM; (afternoon pour) 
T4: between 05:00 PM and 06:00 PM; (early evening pour). 

Time of initial set was evaluated through penetration tests on prisms of dimensions 
0.20mx0.20mx0.13m (7.5inx7.5in*5in). Those were manufactured with mortar sieved from each 
batch of concrete and exposed to the same ambient conditions as the slab specimens. Two curing 
measures were applied to the concrete specimens in order to control the rise of temperature as a 
result of exposure to solar radiation and to prevent water evaporation from exposed surfaces. For 
this purpose, for each mix, two sets of samples were tested. The first set was cured with wet 
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burlap wrapped with a white polyethylene sheets while the second set was cured with a white 
pigmented resin-based curing compound. 

The total number of 72 mixes was cast outdoors for this study. Each cast (Ti to T4) defined 
above consisted of one sample of the accelerated or retarded mix cured with wet burlap and 
polyethylene sheets; another similar mix sample sprayed with the curing compound and one 
reference sample of plain concrete mix that was cured with wet burlap and polyethylene sheets. 
For every set (three specimens), temperature time history was recorded at an interval of 10 
minutes for at least twenty four hours after casting. A thermistor type YSI 44005 with an 
accuracy of ± 0.5° C was embedded into each specimen to provide temperature data while a data 
acquisition system model 8020 and multiplexer model 8032 manufactured by Geokon Inc. were 
used for data collection and storage. 

A weather station model WMR200A manufactured by Oregon Scientific was installed at the site 
to provide records of environmental data. The weather station recorded continuous data of air 
temperature, relative humidity, wind speed and direction, barometric pressure and rain fall. 
Setting time penetration tests were performed both in open air and in the laboratory on samples 
of mortar sieved from each batch of concrete and subjected to the same ambient conditions and 
curing measures. Figure 1 shows the concrete specimens while being cured in an outdoor 
environment, while Figure 2 demonstrates measurement of setting time through penetration tests. 

Figure 1 Curing of concrete specimens in outdoor environment 
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Concrete Mix Composition 

This study is carried out using Class K concrete, satisfying the requirements of the West Virginia 
Division of Highways [5] which are usually intended for bridge decks, sidewalks, parapets, and 
median barriers as a part of the bridge superstructure. Class K concrete was prepared at the 
laboratory using Type I Portland cement, type F fly ash provided by HeadWaters Resources, No. 
57-67 limestone coarse aggregate and silica sand. Two admixtures (Sika air entertainer AEA-14 
& High Range Water Reducing Admixture Sikament 686) were added in order to obtain required 
entrained air and adequate workability respectively; without the addition of excessive water. 
Table 1 summarizes the mix composition of concrete material used in this research. 

Set retarding admixtures consisting of BASF POZZOLITH-100XR with concentration of 130 
ml/lOOkg, SIKA PLASTIMENT with concentrations of 130 and 105 ml/100kg were used 
respectively for the 3 concrete mixes carrying set retarding admixtures. SIKA PLASTOCRETE 
161FL with concentrations of 392, 2288, and 6080 (ml/100kg) were adopted for those 3 set 
accelerated mixes, 

Figure 2 Measurement of concrete setting time 
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Table 1 Materials and Mix Proportions used for Class K Concrete. 

Material 

1 Type I Portland Cement 
Class F Fly Ash (19% of cement weight) 
Coarse aggregate No 57 - SSD 
Fine aggregate - SSD 
Water 
Air content 
Air - entraining admixture 
HRWR admixture 
Water/cement binder ratio 
Water + Admixtures/cement binder ratio 
Total Weight including liquid admixtures 

Nominal 
Proportions 

(kg/m3) 

300 
57 

946 
829 
142 
7% 

85 ml/100 kg 
850 ml/100 kg 

0.40 
0.41 
2277 

Results and Analysis 

Figure 3 illustrates an example of temperature evolution of Mix 3 recorded while curing in an 
outdoor environment. In this plot, the zero on the horizontal axis corresponds to 8:00 AM. As 
can be noticed, although same mix properties and similar curing measures are cast along the day, 
the temperature evolution of such mixes follow different patterns depending on the ambient air 
temperature and relative humidity. Similar plots could be obtained for the other mix 
compositions. Table 2 lists maximum temperature values measured for the test mixes while they 
are set to cure in wet burlap and plastic sheets in various environments. The overall trends 
indicate that peak temperatures tend to decrease as time of pouring advanced through the 
afternoon and early evening. Accelerated mixes displayed the closest peak temperatures values 
for those specimens poured during Tl, T2 and T3. Comparing temperature evolutions of samples 
cured with Wet Burlap opposed to the Curing Compound indicate that the concrete temperature 
patterns for the curing compound follow similar trends but with smaller amplitudes with a range 
difference of 3°C (5°F) to 8°C (14°F). A possible reason is that the white pigment of the curing 
compound, which according to the manufacturer is 65% light reflective, was more effective than 
white plastic sheet in reflecting solar radiation. Another factor that can be considered here is that 
the plastic covers limit the exposure of concrete surface to air and wind, thus contribute to the 
increase in concrete temperature [6]. Since temperature evolution curves are correlated to mix 
setting times, it was expected that measurements of times of initial settings will vary accordingly. 
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Figure 3 Temperature evolution of Mix 3 cast along the day in outdoors environment 

Table 3 lists average results of times of initial settings measured both in the laboratory, compared 
to those measured in the field. Clearly the effectiveness of set retarders was diminished when 
samples were exposed to ambient conditions where continuous changes in temperature and 
humidity occur along the day. On the other side, the set accelerated mixes experienced faster 
setting times in the field than those cast in the laboratory environment. 

The maximum reduction in times of initial setting in field conditions compared to those 
measured in the laboratory were found for those mixes poured around noon and mid afternoon 
for which ambient temperatures reached maximum values and remained at similar levels for at 
least three hours. After this time period, times of initial setting increased as ambient temperature 
decreased. This behavior is shown more evident in mixes Ml, M2, and accelerated mixes M4 
andMS. 

It is evident from the initial setting time results, that conducting such measurements on concrete 
samples in the laboratory is not indicative of such mix behavior when cast in the field. The 
discrepancy between laboratory and field measurements in both, maximum curing temperature or 
initial setting time values, as listed in Tables 2 and 3 amounts to as much as 100 %. 
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Table 2 Peak temperatures of concrete mixes measured in various environments (°C) 

Mix ID 

1 Laboratory 
Field-Tl 
Field-T2 
Field-T3 

1 Field-T4 

Plain cone. 
Reference 

28 
45 
42 
41 
36 

Set retarded mixes 
M, 
26 
51 
47 
42 
38 

M2 

27 
36 
36 
35 
30 

M3 

27 
41 
44 
43 
41 

Set accelerated mixes | 
M, 
29 
43 
43 
42 
37 

M5 

28 
42 
40 
40 
37 

Me 1 
27 
37 
37 
43 
35 1 

Table 3 Times of initial setting of concrete mixes measured in various environments (hours) 

Mix ID 

I Laboratory 
Field-Tl 
Field-T2 
Field-T3 
Field-T4 

Plain cone. 
Reference 

5.9 
3.67 
3.64 
2.82 
3.35 

Set retarded mixes 
M! 
10.6 
5.3 

4.19 
3.83 
4.86 

M2 

9.3 
6.23 
5.55 
6.07 
6.58 

M3 

8.1 
5.35 
4.44 
4.03 
3.92 

Set accelerated mixes 
M4 

5.3 
2.98 
2.82 
2.82 
3.14 

M5 

3.9 
3.00 
2.37 
2.49 
2.57 

M, 1 
2.8 
2.31 
2.14 
2.14 
2.33 

In light of the measured setting times and temperature values for mixes cured in the field 
environment, it is evident that utilizing a unique mix composition and curing measure to pour a 
bridge deck segment that might take an entire working day will produce non-uniform deck 
regions. Despite the fact that compressive and tensile strengths of all mixes were found 
satisfactory, variations in the thermal and mechanical properties of different parts of the deck are 
bound to occur, which will lead to variations in the deck response to environmental changes. 
Expansion and contraction of different parts of the deck will vary in response to temperature 
increase or decrease. Temperature gradients developed across the deck thickness will also have 
another curling effect that will become non-uniform along the deck surface. Such a variation in 
behavior in adjacent parts of the deck would ultimately lead to initiation of cracks especially in 
the early age, when the concrete material is still to develop its füll tensile strength. From another 
perspective, it is required by the WVDOT bridge design manual that the initial concrete stays 
plastic over the entire casting operation of the poured segment. According to the current pouring 
practice, this requirement is obviously almost impossible to meet. Therefore, it is recommended 
to design a pouring sequence for bridge decks that takes into account the field environmental 
effects on properties of fresh concrete mixes. This can be done by utilizing set accelerators for 
those mixes cast in the afternoons, and set retarders for mixes in the morning pours in a sequence 
that would reduce the variation in initial and final setting times between such pours. This can 
only be done if the initial setting time of concrete mixes could be estimated in field conditions. 
Once applied, the entire deck would have uniform thermo-mechanical properties, and a 
substantial reduction in the potential for early age cracking would be accomplished. 
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Conclusions 

In this investigation, variations in values of initial setting times of class k concrete mixes versus 
those in field applications are studied. More than 72 mixes were cast both in the laboratory, and 
also in various field conditions along normal summer working days in West Virginia with a wide 
range of setting times using set accelerators and set retarding admixtures. The collected results 
indicate that initial setting time measurements conducted in laboratory environments do not 
represent actual field performances of such fresh mixes. Discrepancies amounting up to 100% 
difference were observed when comparing measurements in the laboratory versus those in field 
conditions in both maximum temperature as well as values of initial setting times. When pouring 
a bridge deck along an entire day with a unique mix composition, variations in mix setting times 
are bound to occur along the day, producing non-uniform segments of the deck. In order to 
reduce the potential for early age cracking, a pouring sequence taking account the effects of 
environmental conditions on the properties of fresh concrete mixes must be designed. 
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Abstract 

With the purpose of decrease environmental impact, caused by industrial residues (just discarded 
in the environment) and clay extraction in the ceramic industry, sanitary ware wastes were 
incorporated into clay. In contrast, it is important to evaluate not only the technological essays 
but also gases emissions in the ceramic firing process. The pollutant gases emitted in ceramic 
with residues can be in much larger concentrations than that in a pure clay ceramic firing or, on 
the other hand, can decrease the pollutant gas concentrations. With the aid of thermal analyses 
and photoacoustical techniques it was observed that sanitary ware waste can reduce the C02 
emission. The gas emissions were shown as in function of firing temperature from 300 °C to 1100 
°C. In order to analyze phase transformations during the firing process, clay samples and wastes 
were both analyzed by x-rays fluorescent chemical analysis and x-rays diffraction. 

Introduction 

Research works on the structural and physical changes that wastes, mainly industrially produced, 
cause to the final ceramic product has been rapidly expanding in these last two decades. See, for 
instance references in [1]. In spite of these examples of a continuous effort to incorporate wastes 
into clay ceramic motivated by technical and economical advantages, environmental issues are 
still a matter of concern. However, the gas emission due to the clay firing process and its related 
atmospheric pollution may be enhanced as a consequence of an incorporated waste [2]. It is 
known that the firing of clay ceramics in conventional furnaces using fuels such as wood, 
charcoal, heavy oil and natural gas generates appreciable amounts of gaseous components, 
mainly carbon dioxide (CO2), carbon monoxide (CO) and methane (CH4). Additionally to the 
atmospheric pollution, these gas sets could be harmful to the human health and can corrode 
equipments [3,4]. 

Works on the effect of gas emission caused by the firing of clay ceramics incorporated with 
industrial wastes are practically inexistent. Therefore one of the mean objectives of this research 
was to investigate the gas emission resulting from the firing of clay ceramics incorporated with 
different industrial residues. Here, sanitary ware mass wastes were incorporated to the clay and 
already commercialized by a ceramic industry of Säo Paulo state. 
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Moreover, one of the main ceramics features was not yet well concerned by the community, that 
is» its thermal behavior. Urban buildings of equatorial and tropical countries are often subjected to 
constant solar radiation. Thus, thermal properties play a significant role in the quality of end-
products. While technological properties of those materials are frequently found in the literature, 
information about the thermophysical characteristics of red ceramics is very scarce [5,6]. 

In order to show methodologies to characterize ceramics here depicted, the samples under study 
were clay from Säo Paulo state. Firstly, the raw materials without residues, named from now one 
CLAY is presented and throughout characterized. In a second stage, the aggregation of the 
residue is pointed out and named here as CLAY 20. Characterizations are performed and 
compared with CLAY. 

Ceramic Samples and Methods 

The raw material was collected from a neocenozoic sedimentary soil placed in Jundiai city, 60 
Km far from SSo Paulo city in Säo Paulo state. About 20 kg of material collected in situ were 
dried, grounded, and passed through a sequence of sieves yielding a homogeneous powder with 
particle size smaller than 75 μιη, corresponding to 95 % of the original mass. According to their 
chemical properties they can be considered fluxes clays mainly by the alkaline elements (Na20, 
KaO, CaO and MgO), which are responsible for the ceramic sintering. The high values of Na20 
+ K2Ö come from the minerals illite and albite, while CaO + MgO are linked with calcite and 
dolomite minerals. To put side by side, samples of pure clay and clay with 20 % of sanitary ware 
mass wastes were considered for this research. 

For measurements, a quantity of the powder was mixed with water and then extruded at 36 MPa 
into a rectangular prismatic mould with a 20x10 mm cross-section, cut into bars 100 mm long 
which were left drying in air for two weeks at room temperature. Before the firing process, the 
samples were placed in an oven at (110 ± 5 °C) for 24 hours. 

To simulate the continuous sintering process of the ceramic material up to 1100 °C, and to 
accompany the changes that occur, 8 thermal treatment steps were chosen, each step being 
denoted Tp henceforth. The heating cycle was such that the sample was heated at a rate of 2 
°C/mm up to 600 °C, left at this temperature for one hour, and then heated at a rate of 4 °C/min 
up to the selected firing temperature, where it was left for 3 hours before cooling down to room 
temperature at a rate of 1.5 °C/min. 

Characterization bv X-Rav 

The chemical composition and crystalline phases of the raw material with and without residues 
and only of the residues were presented. The microstructure of the samples as in function of the 
firing temperature was represented by X-ray diffractions^ 

The chemical characterizations were obtained by energy dispersive X-ray spectroscopy (EDS), 
using a SHIMADZU equipment. The resulting values of this quantitative analysis are shown in 
Table 1. 
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Observing Table 1 we can classify the clay as flux-based clay (higher fluxes oxides), as explained 
in the previous section. In addition to S1O2 and AI2O3, there are considerable amounts of Fe203, 
K2O, and T1O2, which is favorable for red ceramics production. Iron oxide accounts for the 
bodies' red pigmentation after firing. The residue is a silt-clay with very low plasticity which 
should enhance the structural quality of the ceramic. 

Table 1. Chemical < position of the clay and the sanitary 
Oxides in wt% 

S1O2 
AI2O3 
MnO 
MgO 
CaO 
Na20 
K20 
T1O2 

Cr203 
P2O5 
SO3 

Fe203 
ZnO 
Zr02 
Lol 

CLAY 

59.61 
21.19 
0.048 
1.07 
0.33 
0.12 
2.33 
0.944 

-
0.13 

-
5.45 

-
-

9.28 

ware mass resi 
Sanitary ware 
mass residue 

64.8 ! 
21.5 
0.06 
0.78 
0.32 
0.51 
2.53 
0.89 
0.05 
0.13 
0.06 
5.96 
0.03 
0.13 ! 

2.25 

The X-ray diffraction experiments were performed at room temperature using the Cu Ka radiation of a 
Seifert URD65 diffractometer, equipped with a diffracted beam monochromator. Diffractograms were 
obtained from 3 to 75° with step sizes of 0.03° and accumulation time of 3 s. From the diffractograms the 
sample crystallinities were determined as the ratio between the integrated intensity of the sharp diffraction 
peaks to the total area of the diffraction pattern, which includes the non-coherent intensity. It was just 
analyzed the 110 °C sample CLAY. 

PU 

a iít¡(0Mca 

* quartz 
+ gibbsite 

ÍLJÉIIIJA^L^ 

2Θ (degrees) 
Fig. 1. X-ray diffractogram of CLAY at 110 °C drying temperature. 
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Fig. 1 shows the XRD patterns of the clay raw material. These diñractograms indicate the 
presence of a micaceous mineral, quartz, microcline, and clay minerals. 
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Fig.2. X-ray digractograms sanitary ware mass residues at 110 °C drying temperature. 

Fig. 2 shows the waste of sanitary ware mass diffractogram, which points out the presence of 
micaceous material, albite, anorthite, k-feldspars, clay minerals, quartz, and calcite. We observed 
a variety of flux materials. Feldspars and microcline are sources of alkaline flux materials, such 
as K2O and Na20s which make possible the formation of a liquid phase above 700 °C [7]. The 
fluxing capacity of this residue, which is associated with lower porosity after firing, is also 
confirm by the presence of K20 and Na20 containing minerals. Then, the sanitary ware mass is 
the source of K2O and Na20, which act as fluxes to improve the sintering process. 

Technological Essays 

Considering the technological measurements of the clay and the sanitary ware mass residue, table 
2 presents the technological properties of volumetric shrinkage, bending strength and water 
absorption for the product at the sintering temperature, considered the best temperature for 
commercial purposes. 

Table 2 - Technological properties of end-product ceramic without residue (CLAY) and with 
20% in wt of sanitary ware residue (CLAY 20). 

Sample 

CLAY 
CLAY 20 

Volumetric 
Shrinkage (%) 

2.1 
1.5 

Bending Strength 
(MPa) 

3.3 
2.6 

Water Absorption 
(%) 
20.3 
20.9 

Comparing CLAY and CLAY 20, we can infer that no significant changes were observed. 

Thermal Pifiusivitv, using Photoacoustical Technique 
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Thermal diffusivity, a particular property that evaluates the heat propagation behavior within the 
sample, is quite sensitive to the material structure as well as preparation and sintering conditions. 
Experiments concerning with thermal diffusivity and samples thickness were performed five and 
ten times, respectively, to produce the deviations. 

The experimental set-up, the sample is mounted directly onto a commercial electrets microphone 
presenting a good linear frequency response above 20 Hz (Omnidirectional back electrets 
condenser microphone cartridge, model WM-61A - Panasonic), fixed with a silicone grease, 
illuminated by the light beam from a He-Ne laser (Unilaser mod. 025) and modulated with a 
mechanical chopper (EG&G Instruments mod. 651), before it reaches the sample's surface. It 
consists of an Open Photacoustical cell (OPC) configuration in the sense that the sample is placed 
on top of the detection set-up itself [8]. As a result of the periodic sample heating by modulated 
light absorption, the pressure inside the cell oscillates at the chopping frequency and can be 
detected by the microphone. The resulting PA signal is then subsequently fed into a field-effect-
transistor (FET) pre-amplifier and leads directly to a "Lock-in" amplifier (Perkin Elmer 
Instruments mod. 5210), where it is possible to obtain the photoacoustical amplitude and the 
phase signal, which are recorded as a function of the modulation frequency in an appropriate 
software program. 

According to the model proposed by [9] for thermal diffusion, the equation that leads us to the 
pressure fluctuation (δΡ) in the air chamber is 

sr _ Wok,**.T expXgtf -π/2) 
2rtgT0ksf sinhfo/j ' ( 4 ) 

where γ is the air specific heat ratio, P0 the ambient pressure, T0 ambient temperature, I0 is the 
absorbed light intensity, / is the modulation frequency, and /,, k¡ and a¡ are the length, thermal 
conductivity and the thermal diffusivity of the sample, respectively. Here, the subscripts denote 
the absorbing samples (s) and the gas (g) media, respectively, and σ, = (l + ffa,, is the complex 
thermal diffusion coefficient of i medium. It is assumed in the equation (1) that the sample is 
optically opaque/^ <</s, where lß is the optical penetration depth. For thermally thin 

sample^ >is-f<fc, whereßs is the thermal diffusion length and fc =a¡7d] is the cut-off 
frequency. 

The amplitude of the PA signal for a thermally thick sample decreases exponentially with the 
modulation frequency asSPAac\/fQxp(-bJf), where b =1 ^π/α,. In this case, asis obtained 
from the experimental data fitting from the parameter b. 

Taking values of thermal diffusivity from the literature, the cut-off frequency^ is about 5.87 Hz, 
i.e. the frequency domain is regarded as thermally thick. 

Results and discussion: Thermal diffusivity values are in close agreement with the literature 
[5,6,10]. Analyzing the thermal diffusivity and the diffractograms, we can explain that the lower 
diffusivity value in 900 °C and 1050 °C is possibly due to the Al-Si rearrangements, owing to a 
crystallization process followed by a lattice formation [11]. The kaolinite 2Al2(OH)4Si205 

evolution, which reaches the spinel phase formation, with an intermediate phase, namely 
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metakaolin 2Al2Si307 + 4//2ö. The high difrusivity value at 1000 °C could be possible connected 
to the liquid phase formation within the beginning of the vitreous phase. The heat can be 
transported easier in this kind of phases than through the clay mineral grains. In support of this 
explanation for the highest thermal difrusivity, we note the clear modification of structure shown 
to occur above 1050 °C. At 1100 °C, the thermal diñusivity decreases. Through sintering at this 
temperature, formation of mullite 2ß[3Ai2o32Si2] and cristobalite 5/3 Si02 starts from the spinel 
phase AlASi%On, as reported by references in Ref. [11]. We suggest that there is a reduction of 
liquid phase surface and pores. This is due mainly to formation of mullite, which is characterized 
by a high proportion of oxygen vacancies that lead to low thermal diñusivity. 

Table 3, Thermal properties of the pure clay and clay with 20% residue as in function of some 
possible sintering temperatures. 

Temperature 
CC) 
900 
950 
1000 
1050 
1100 

CLAY 
Thermal difrusivity 

(cm2/s) 
0.003 ± 0.0004 
0.005 ± 0.0000 
0.007 ± 0.0000 
0.004 ±0.0000 
0.004 ±0.0002 

CLAY 20 
Thermal difñisivity 

(cm2/s) 
0.008 ± 0.0001 
0.004 ± 0.0005 
0.009 ± 0.0008 
0.006 ± 0.0004 
0.004 ± 0.0009 

We note that the aggregation of 20% of sanitary ware mass residue in the clay matrix generates 
higher values of the ceramic thermal properties. Probably, in 900 °C took place a pseudo 
sinterization due to the presence of alkaline salts (from the waste) in CLAY 20, which could 
justify the high value reached, although the ceramic structure is not well defined. 

Pollutant Gases from the Firing of Clav Ceramic Added with Residues 

The gas released from the furnace was directly connected to an infrared model URAS 14, ABB 
gas analyzer under a suction flux of 0.3 L / min. This gas analyzer detected and quantified 
simultaneously CO$ C02, CH4, NO, N2O, NH3 e SO2. Gas samples were collected 20 min. after 
settled temperature stages of respectively, 150,300,450, 550,650, 800,950,1050 and 1100 °C. 

The emitted gases from the firing process were quantitatively measured by means of a 
phototherraal technique. The gas analyzer measurement process is based on resonance absorption 
at the characteristic vibrational rotation spectrum bands of non-elemental gases in the middle 
infrared range between 2 μχα and 12 μιη. Because of their bipolar moment, the gas molecules 
interact with infrared emissions. For selectivity, the receiver is filled with the applicable sample 
components to establish reference and sensitivity to these components (~1 ppm). It consists of the 
cell divided into two identical compartments: one in the measuring cell, through which the 
sampled gas is flowed, and the other acts as reference, filled with nitrogen. The light emitted 
from a hot filament is modulated by a mechanical chopper and divided by a beam splitter. Each 
beam goes simultaneously through the measuring cell and the reference cell. The detector 
consists of two sealed chambers separated by a diaphragm capacitor. Both chambers are filled 
with pure gas of the chemical species under study. The light beams emerged from the sample and 
reference ceils reach independently the two detector chambers, causing a differential pressure that 
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is proportional to the light absorption by the sample. The pressure difference is converted by the 
diaphragm capacitor into an electrical signal [12]. A detailed description of the Uras performance 
can be found in the literature [13]. Before each sample analyses the cells were calibrated using 
pure standard N2. 

Results and discussion: CO2, in the range of 300 °C to 500 °C are emitted due to the organic 
matter oxidation. Moreover, the reaction of the kaolinite and goethite dehydroxilation deals to a 
metakaolinite, that is, an amorphous phase. 

Values reached in this section were just proportional to a laboratory fiirnace. 
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Fig. 5. CO2 and CO emitted during the ceramic firing process as in function of the firing 
temperature. 

Figure 5 shows the CO2 and CO emissions as in function of firing temperature from the clay 
without and with 20% in weight of sanitary ware mass residue. Firstly, we observed that the 
addition of the residue diminishes around 15 % the amount of CO2 emission. The amount of CO2 
emitted between 300 and 550 °C is due to organic matter oxidation and the dehydroxilation of 
clay minerals. 

Conclusions 

Here, red ceramic samples from Säo Paulo state were analyzed as in function of firing 
temperature. In order to study the ceramics quality, technological essays were prepared. 

The Thermal property of red ceramic samples as well as their crystalline phases was analyzed as 
a function of sintering temperature. Photoacoustical technique was used to measure the thermal 
diffusivity and the microstructures were identified by x-ray diffraction, in order to compare 
structural and thermal features of the samples. It was shown that there is an intrinsic relationship 
between the structure and the thermal diffiisivity. When the crystalline structure undergoes strong 
perturbations the thermal diffusivity values decrease and vice-versa. When liquid phases achieve 
the highest concentration at around 1000 °C, the thermal diffusivity shows its maximum peak. 
Afterwards, there is a decrease, although the thermal diffiisivity maintains high values, due to 
mullite enhancement and vitreous phase consolidation in the red ceramics. Considering thermal 
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features, it was shown that for this red ceramic, the sintering temperature should be greater than 
1000 °C. 

It is possible that sanitary ware residues can attenuate the pollutant gas release from the ceramic 
firing. We concentrate in this chapter the CO and CO2 gases, in order to facilitate the point of 
view of our study. It will appear elsewhere the complete set of measured gases from this research. 
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Abstract 

The effect of La2Ü3 content up to 15 wt% on phase stability, sintering and microstructure of 
cubic zirconia (8YSZ) was investigated. XRD results showed that the specimens containing up 
to 15 wt% La203 were composed of only cubic structure. Also, the specimens doped up to 5 wt% 
La203 revealed no La2Ü3 peaks, indicating that La2Ü3 was completely solubilized in the cubic 
structure. However, when > 5 wt% La203 was added, the peak of La2Zr207 compound emerged, 
showing that the overdoped La203 was not solubilized in the 8YSZ matrix. The lattice parameter 
of the 8YSZ slightly decreased with the increasing La203 content up to 1 wt% but further 
increase in the La2Ü3 amount resulted in an increased lattice parameter. The comparison of grain 
size of the 8YSZ specimens with various La2Ü3 content showed that grain size slightly increased 
with the increasing La2C>3 content up to 1 wt% but further increase in the La203 amount resulted 
in a decreased grain size. 

Introduction 

At atmospheric pressures, three polymorphic forms of Z1O2 are stable at different temperatures 
i.e. monoclinic, tetragonal and cubic. A high-pressure orthorhombic form of Ζ1Ό2 has also been 
reported[l]. The successful production of pure Ζ1Ό2 bodies is not possible all the time due to the 
large volume expansion associated with the martensitic tetragonal-monoclinic transformation. 
This fact restricts the applications of zirconia, in spite of its excellent mechanical and thermal 
properties. However, the stabilization of the high temperature polymorphs at room temperature 
as stable phases is made possible by addition of suitable dopants. Fully stabilized cubic Ζ1Ό2 and 
partially stabilized tetragonal Ζ1Ό2 show interesting properties and are widely used as ionic 
conductors, coatings and gas sensors in solid oxide fuel cells and structural applications [2]. Most 
frequently used dopants include Y2O3, CaO, MgO and CeC>2, although oilier oxides, such as 
those of rare earth elements, can also act as stabilizers of the high temperature structures. The 
incorporation of aliovalent cations to the lattice, forming substitutional solid solutions, allows to 
control the concentration of anionic vacancies in the structure. This aspect is particularly 
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important in designing ionic conductors[3], and is also determinant in the stabilization 
process[4]. The process of stabilization with larger ionic radii dopants is rationalized by the 
crystal chemistry model[5], that describes the dopant cations as typical stabilizer when they have 
larger ionic size, lower charged state and higher ionicity than Zr4+. The ionic radius of Zr4+ is 
0.84 Á and that for La3+ is 1.016 Á [6]. 

In addition to the possibility of stabilization of high temperature structures, the ZrCb-I^Ch 
system includes the existence of L&iZxiQi, with pyrochloric structure [7,8]. This compound finds 
application as catalyst[9] and as thermal barrier[10]. It can be synthesized by solid state reaction 
between the oxides at 1500-1600 °C, or by the sol-gel process[ll]. In this study, the effect of 
various amounts of LaiCb addition on the phase equilibrium, sinterability and microstructure of 
8YSZ was investigated. 

Experimental Procedure 

In this study, 8 mol % yttria stabilized cubic zirconia (8YSZ) (Tosoh, Japan) powders as a matrix 
material and La^Os powders (Taimei, Japan) up to 15 wt% as an additive were used. The average 
grain sizes were 0.3 μχη for 8YSZ and 0.25 μιη for La203. The chemical compositions of the 
powders used in the experiments are given in Table 1. 

Table 1: The chemical composition of the powders used in the experimental works. 
wt% 

8YSZ 
La203 

Zr02 

85.9 
. 

Y203 La203 

13,6 
99.99 

T1O2 F e 0 2 

0.1 0.003 
- 0.003 

Na203 

0.01 
-

CaO AI2O3 S1O2 
0.02 0.25 0.1 

0.005 - 0.002 

The specimens for the microstructural investigations were produced by means of colloidal 
processing. Doping process was carried out in a plastic container by mechanical mixing of La203 
up to 15 wt% and 8YSZ powders with zirconia balls and ethanol. Mechanical mixing was done 
in a "speks" type mixer at 200 rev/min for 12 hours. The prepared slurries were left to dry for 24 
hours by leaving the lid open. After the drying process, the agglomerated powders with medium 
hardness were ball milled by a spex for 10 minutes to obtain a good dispersion and to break-up 
the agglomerates. The powders obtained were sieved through 60 urn sift, pressed under a 40 MPa 
pressure in a single axis die and the pellets with a radius of 10 mm and a height of 4mm were 
produced. Inner surface of the steel die was cleaned after each dry-pressing process and stearic 
acid was applied to the side walls of the die. Sintering was carried out in a box type furnace 
under normal atmospheric conditions. The pressed pellets were first subjected to a pre-sintering 
process at 1000 °C and then sintered at temperatures between 1200 and 1550 °C for 1 hour at a 
heating and cooling rates of 5 °C /min in order to determine the effect of the La203 on the 
sinterability of the 8YSZ. The density of the sintered specimens was evaluated by the ratio 
between weight and volume, which was determined by a geometrical method. The relative 
density was estimated on the assumption that the sintered body was of the cubic phase and based 
on the theoretical density of 5.68 and 6.51 gr/cm3 for 8YSZ and La203, respectively. 
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The surfaces of the specimens were ground and polished by normal metallographic way after the 
sintering process and the specimens were thermally etched by keeping them in a furnace at 50 °C 
below the sintering temperature for 1 hour. Microstructural investigation of the sintered 
specimens was done by a Scanning Electron Microscope (SEM Jeol Lv 6060). Grain sizes were 
measured by mean linear intercept method. 

XRD (Shimadzu XRD 6000, CuK«, λ= 1.5405 A) was used to determine probable changes in the 
crystal structure of various amount of La2Ü3 doped 8YSZ and lattice parameter of 8YSZ. The 
specimens doped with 0-15wt% La203 were tested between the scan span 0° and 70° at a scan 
speed of 0.03 degree/sec and the diffraction angles were measured. The lattice parameters were 
evaluated for each composition by using these diffraction angles. 

Experimental Results and Discussion 

XRD patterns from various amounts of La2Ü3 doped 8YSZ specimens are shown in Figure 1. 
The specimens containing up to 15 wt% La2Ü3 were composed of only cubic crystal structure. 
The specimen doped up to 5 wt% La2C>3 revealed no La203 peaks, indicating that La2Ü3 was 
completely solubilized in the 8YSZ matrix and did not remain in the specimens as a secondary 
phase. However, when > 5 wt% La2Ü3 was added, the La2Zr2C>7 pyrochloric compound peaks 
emerged, showing that overdoped La2(>3 was not solubilized in the 8YSZ matrix, forming a 
secondary phase of the \,^{ΙχιΟη at high temperatures. It was also seen that this new phase 
preferentaially precipitated around and at the grain boundaries of the 8YSZ. The formation of the 
La2Zr2Ü7 pyrochloric compound was due to the different ionic radius and crystal structure of 
La+3 and Zr+4 ions. As known, the ionic radius of La+3 with hexagonal structure is 1.016 Á and 
that of Zr+4 with a cubic crystal structure is 0.84 Á. The pyrochloric structure is defined as two 
distinct and intertwined structures. Of these two distinct structures, the first is the one in which 
octahedral ZrOe is sequenced as a cation-centred. The other is anion-centred layout of tetrahedral 
La40. 
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Figure 1. XRD patterns of undoped and La2Ü3 doped 8YSZ specimens 
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The unification of two octahedral and one tetrahedral structures forms the compound La2Zr207 
wim La+3 cations situated in the hexagonal window of octahedral lattice[12]. The effect of the 
L&2Ö3 addition on the lattice parameter of the 8YSZ is given in Figure 2. While the lattice 
parameter of undoped 8YSZ is 5.146 Á, it increased to 5.181 Á with the addition of 15wt% 
LaaOs, That is, the mean lattice parameter of the 8YSZ increased with the addition of La203. 
This increase in the lattice parameter, which corresponds Vegard's rule, can be attributed to the 
replacement of La+3 ions with Zr*4 and Y+3 ions in the cubic crystal of 8YSZ (La+3 ions, which 
are 20% bigger than the ionic radius of Zr*4, increased the lattice parameter of the 8YSZ). The 
effect of the La2Ü3 addition and rate on the sinterability of the 8YSZ is given in Figure 3. 

5 10 

Laft Amount (wl^ 

Figure 2, Lattice parameter variation of the 8YSZ with La2Ü3 content. 
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Figure 3, Relative density of the specimens doped with different amounts of La203 sintered at 
various temperatures for 1 hour. 
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Figure 4. Grain size variation of the 8YSZ with La203 amount 

Here, the La2Ü3 doped 8YSZ specimens were sintered without pressure at various temperatures 
for 1 hour after presintering at 1000 °C. As can be seen from the results, the relative density of 
the specimens increased with the increasing sintering temperature and decreased with the 
increasing La203 amount at all temperatures. This decrease in the relative density was resulted 
from the porosities in the main matrix and around the grain boundaries especially at high amount 
of La2C>3 doped 8YSCZ specimens*. Also, the fact that the La2Zr2C>7 compound, which is formed 
in high amount of La2Ü3 doped specimens at a high sintering temperatures and precipitated at 
the grain boundaries, prevented 8YSZ grains from touching each other and thus slowed the 
diffusion rate of the atoms in the grain boundaries as a result of an increase in grain boundary 
diffusion could be one other reason. The change in the grain size depending on La2Ü3 amount is 
given in Figure 4. It can be seen from this figure that up to 1 wt% La2C>3 addition increased the 
grain size. This increased grain size could be due to the complete dissolution of the La2Ü3 in the 
8YSZ structure providing easy diffusion path at grain boundaries. However, further increase in 
the La2Ü3 content led to a decrease in the grain size. This decrease in the grain size can be 
explained by the fact that the La2Zr207 pyrochloric compound, which is formed around and at 
the*grain boundaries at high temperatures, increased grain boundary cohesive resistance by 
pinning effect and thus, grain boundary mobility and energy decreased. 

The microstructures of the specimens doped with various amounts of La203 after sintering at 
1550 °C for 1 hour are given in Figure 5. The undoped and up to 5 wt% La203 doped 8YSZ 
specimens have an equiaxed, faceted, uniform and coarse-grained structure (Figure 5 a-c). The 
microstructures of the 10 and 15wt% La2Ü3 doped 8YSZ specimens, on the other hand, involve 
faceted 8YSZ grains together with round and smaller La2Zr204 grains (Figure 5 d-e). It was also 
seen in Figure 5 that the porosity amount increased with increasing La2Ü3 addition. The EDS 
analysis, taken from different parts of 15 wt% La203 doped 8YSZ specimen are given in Figure 
6. While the amount of La+3 ions in the 8YSZ grains was 6.438 wt%, this rate was 37.067 wt% at 
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the grain boundaries. These EDS results are also an evidence of the existence of the La2Zr207 
pyrochloric compound, which precipitated at the grain boundaries of the 8YSZ. 
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Figure 5. SEM micrographs of the thermally etched specimens with a) undoped, b) lwt%, c)5 
wt%, d) 10 wt% and e) 15 wt% La203 addition after sintering at 1550 °C for 1 hour. 
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A 63.551 6.438 13.291 16.719 
B 42.994 37.067 4.588 15.352 
C 64.552 4.734 14.271 16.443 

Figure 6. EDS results of 15 wt% La2Ü3 doped 8YSZ specimen sintered at 1550 °C for 1 hour. 

Conclusions 

1) XRD results showed that the 8YSZ specimens doped with up to 15 wt% La2C>3 have a cubic 
crystal structure and no change occurred in the crystal structure of the 8YSZ with the addition 
of La203. The specimen doped up to 5 wt% La2Ü3 revealed no La2Ü3 peaks, indicating that 
the La2C>3 was completely solubilized in the 8YSZ matrix and did not remain in the specimens 
as a secondary phase. However, when > 5 wt% La2Ü3 was added, the La2Zr207 pyrochloric 
compound peaks emerged, showing that the overdoped La2Ü3 was not solubilized in the 
8YSZ matrix forming a secondary phase of La2Zr2C>7 at high temperatures. 

2) The relative density of the specimens decreased as the La2Ü3 amount increased. This decrease 
was due to the existence of the La2Zr20? pyrochloric compound, which precipitated at the 
grain boundaries at high temperatures and the porosities seen in the specimens with high 
amount of La2Ü3 additions. 

3) The grain size increased with the increasing La203 amount up to 1 wt% and father increase in 
the La203 content resulted in the decreased grain size. These results indicate that the La203 
addition within solubility limit accelerated the grain growth. The decrease in the grain size 
can be explained by the fact that the secondary phase of the La2Zr207 pyrochloric compound, 
which is formed at the grain boundaries at high temperatures, increased grain boundary 
cohesive resistance and thus, limited grain boundary mobility and energy. 

Acknowledgements 

The authors thank Gazi University and Marmara University, TURKEY, for the provision of 
laboratory facilities. 

275 



References 

1. A.H. Heuer and L.K, Lenz, "Stress-Induced Transformation during Subcritical Crack Growth in 
Partially Stabilized ZircomVV. Am. Ceram. Soc, 65 (1982), C-192-194. 

2. R, Stevens, Introduction to Zirconia (Twickenham, Middx, :Magnesium Elektron Ltd., 1986), 
12. 

3. S.P.S. Badwal, Ceramic Superionic Conductors (New York, Materials Science and Technology 
A Comprehensive Treatment, vol. 11, VCH Publishers, Inc., 1994), 588. 

4. P, Li and I.W. Chen, "Effect of Dopants on Zirconia Stabilization an X-ray Absorption Study: I. 
Trivalent Dopants" J. Am. Ceram, Soc, 11 (1) (1994), 118-128. 

5. S JvL Ho, "On the Structural Chemistry of Zirconium Oxide," Mater. Sei Eng, 54 (1982), 23-9. 
6. R.C. Weast and MJ. Astle, Handbook of Chemistry and Physics (Florida, CRC Press, 1981), F-

175. 
7. R.S. Roth, "Pyrochlore-Type Compounds Containing Double Oxides of Trivalent and 

Tetravalent Ions," J. Res. Nati. Bur. Std, 56 (1) (1956), 17-25. 
8. A. Rouanet, "Zirconium Oxide-Lanthanide Oxide Systems Close to the Melting Point," Rev. 

Hautes Temp. Refract, 8 (2) (1971), 161-180. 
9. S i , Korf, H.J.A. Koopmans, B.C. Lippens, AJ. Burggraaf, and P.J. Gellings, "Electrical and 

Catalytical Properties of Some Oxides with the Fluorite and Pyrochlore Structure,'V. Chem. Soc. 
Faraday Tram, I 83 (1987), 1485-1491. 

10. X,Q, Cao, R. Vassen, W. Jungen, S. Schwartz, F. Tietz, and D. Stöver, "Thermal Stability of 
Lanthanum Zirconate Plasma-Sprayed Coating,'V. Am. Ceram. Soc, 84 (9) (2001), 2086-2090. 

11. H. Kido, S. Komarneni, and R. Roy, "Preparation of La2Zr207 by Sol-Gel Route," J. Am. 
Ceram. Soc, 74 (2) (1991), 422-424. 

12s B.C. Hyde, J.G. Thompson, and R.L. Withers, "Crystal Structures of Principal Ceramic 
Materials," Materials Science and Technology A, 11 (1994), 35. 

276 



Characterization of Minerals, Metals, and Materials 
Edited by: Jiann-Yang Hwang, Sergio Neves Monteiro, Chengguang Bai, 

John Carpenter, Mingdong Coi, Donato Firrao, and Buoung-Gon Kim 
TMS (The Minerals, Metals & Materials Society), 2012 

DEVELOPMENT AND CHARACTERIZATION OF CARBONACEOUS 
MATERIALS INCORPORATED WITH METAL (Ti, V AND Zn )-

ORGANIC COMPOUNDS FOR HYDROGEN STORAGE 

Mala Nath, Asheesh Kumar and Arjit Mallick 

Department of Chemistry, Indian Institute of Technology Roorkee, Roorkee-247667, 
Uttarakhand, India 

Keywords: Hydrogen storage; Metal-organic compounds; Sorption study; X-ray diffraction 

Abstract 

The present research work is aimed to focus on the development of chemically stable light 
weight microporous carbonaceous material, such as activated charcoal incorporated either with 
titanium «-butoxide, titanium diisopropoxide bis(2,4-pentanedionate), vanadium 2,4-pentane-
dionate or zinc 2,4-pentanedionate having varying wt% of the metal (2-8%) using ethanol as 
solvent at 40-50 °C followed by calcinations at 100, 150 and 200 °C, except the samples with 
titanium diisopropoxide bis(2,4-pentanedionate) which are calcinated at 80 °C. Atomic 
absorption studies along with FES EM revealed that the maximum incorporation of metals (Zn, V 
and Ti) in activated charcoal was observed with 4 wt% of zinc 2,4-pentanedionate calcinated at 
150 °C, 4 wt% of vanadium 2,4-pentanedionate at 100 °C, 2 wt% of titanium w-butoxide at 100 
°C and 2 wt% of titanium diisopropoxide bis(2,4-pentanedionate) at 80 °C, and equilibration 
time of 20-24 h was used in each case. Hydrogen sorption behavior in these carbonaceous 
materials has also been studied at 77.4 K and low pressure up to 1 bar. The highest hydrogen 
uptake obtained was 1.45 wt% (164.5 cm3 (STP)/g at P/P0 = 1.0) for activated charcoal 
incorporated with 4 wt% of zinc 2,4-pentanedionate calcinated at 150 °C. 

Introduction 

Two of the major challenges for humanity in the next twenty years are the shrinking availability 
of fossil fuels, the global warming and potential climate changes that result from their ever-
increasing use. So it is necessary to find an energy source that is convenient, flexible and 
controllable. One possible solution to these problems is to use an energy carrier such as 
hydrogen, and ways to produce and store hydrogen in electric power plants and vehicles. 
Hydrogen storage is the bottleneck for the breakthrough of hydrogen as energy carrier in 
automotive applications [1]. 

The overarching technical challenge for hydrogen storage is how to store the amount of 
hydrogen required for a conventional driving range (>300 miles), within the vehicular constraints 
of weight, volume, efficiency, safety, and cost. Hydrogen storage is a major research focus for 
material scientists and chemists [2-7]. 

The different types of hydrogen storage materials have been used such as metal hydrides [8-10], 
formic acid [11], carbon nanotubes [12-14], carbonite substances [15], MOFs [16-18], and 
activated carbon [1, 19]. For hydrogen storage carbonaceous materials have attracted a lot of 
interest because of their excellent kinetics, which is based on weak Van der Waals forces 
between H2 and the surface of materials [20]. In this paper carbonaceous material such as 
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activated charcoal incorporated with different metal (Ti, V, and Zn)-organic compounds as 
shown in Scheme 1 were prepared and their H2 sorption behavior has been studied. 

YT 
V 

¿ b 

Zinc 2,4-pentanedionate Vanadium 2,4-pentanedionate 

0—Tl-O 

I 

Titanium n-butoxide Titanium diisopropoxide bis(2,4-pentanedionate) 

Scheme 1. Structures of different metal-organic compounds incorporated with charcoal. 

Experimental 

NMsrWy 

Activated charcoal (Merck), isopropanol (Rankem), ethanol (Rankem), titanium w-butoxide (Alfa 
Aesar), titanium diisopropoxide bis(2,4-pentanedionate) (Alfa Aesar), zinc 2,4-pentanedionate 
monohydrate (Alfa Aesar) and vanadium 2,4-pentanedionate (Alfa Aesar) were used without 
further purification. 

Preparation Of Carbonaceous Materials Incorporated With Zinc Using Zinc 2.4- pentanedionate 
Monohydrate And Vanadium Using Vanadium 2.4- pentanedionate 

Zinc 2,4-pentanedionate monohydrate having 2 wt%, 4 wt% and 8 wt% of zinc (0.1611g, 0.322g 
and 0.6450g, respectively) were dissolved in ethanol (25mL) in a round bottom flask. Activated 
charcoal (2.0 g) was added to it and mixed properly. The mixture was stirred for 20-24 h at 
temperature 40-50 °C. Then the product was separated by filtration and washed with ethanol. 
The fíltrate was stored for AAS analysis. The product was dried in hot air oven at 50 °C for 2 h. 
Then it was calcinated at different temperatures 100 °C, 150 °C and 200 °C in a heating furnace 
for 3 h to produce carbonaceous materials incorporated with zinc. Similar procedure was used 
for incorporation of vanadium using vanadium 2,4-pentanedionate. 
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Preparation Of Carbonaceous Materials Incorporated With Ti Using Titanium w-Butoxide And 
Titanium Diisopropoxide Bis(2,4-pentanedionate) 

Titanium «-butoxide having 2 wt%, 4 wt% and 8 wt% of titanium (0.2901mL or 0.2843g, 0.5802 
mL or 0.5686g and 1.160 mL or 1.137g, respectively) were mixed with isopropanol (25mL) in a 
round bottom flask. Charcoal (2.0 g) was added to it and mixed properly. The mixture was 
stirred for 20-24 h at temperature 4(K50 °C. Then the product was separated by filtration and 
washed with isopropanol. The filtrate was stored for AAS analysis. The product was dried in hot 
air oven at 50 °C for 2 h. Then it was calcinated at different temperatures 100 °C, 150 °C and 
200 °C in a heating fiirnace for 3 h to produce carbonaceous materials incorporated with 
titanium. Similar procedure was used for incorporation of titanium, using titanium 
diisopropoxide bis(2,4-pentanedionate) but calcination temperature was 80 °C . 

Measurements 

The concentration of titanium, vanadium and zinc was determined by atomic absorption 
spectrometer (AAS) GBC Avanta using N20-acetylene gas in the working range of 50-200 ppm 
and sensitivity 1.10 ppm. The FE-SEM micrographs and ED AX were taken using a FEI -
QUANTA 200F scanning electron microscope having magnification up to 3000 KX, resolution 
2 nm and acceleration voltage 20 kV. The X-ray patterns of the samples were recorded on 
Bruker AXS D8 Advance X-ray diffractometer with Cu-Κα radiation (λ = 1.54 Á) at 40 kV 
between the scan ranges of 20 from 5-80 degree by the scan rate of 2 degree/min. 

Gas Sorption Measurements The low pressure adsorption measurements were performed at 77.4 
K on a Quantachrome QuadraWin-Data Acquisition and Reduction for Quadra Sorb SI 
Quantachrome instrument version 4.01. Sorption measurements were performed using high 
purity hydrogen (99.9995%) on samples of 0.1296 g to 0.0732g with the temperature maintained 
at 77.4 K by liquid nitrogen. These experiments were performed in National Chemical 
Laboratory, Pune, India. 

Results And Discussion 

Hydrogen storing capacity of carbonaceous materials incorporated with transition metal depends 
on the amount of incorporated transition metal. The XRD of pure activated charcoal (d, 3.36, 
2.07), zinc- (d, 10.47, 3.36)/vanadium 2,4-pentanedionate (d, 6.73, 3.18) and carbonaceous 
materials incorporated with transition metal indicated the presence of metal-organic compound 
in activated charcoal. The initial concentration and final concentration of the metal'after adsor-
ption on activated charcoal were determined by atomic absorption. From which the wt% of 
metal incorporated in activated charcoal (2.0 g) was determined. AAS analysis revealed that zinc 
2,4-pentanedionate (2 wt% zinc) show maximum adsorption of 98.30 % (1.96 wt%), (2 wt%) 
vanadium 2,4-pentanedionate 95.50 % (1.91 wt%), (2 wt%) titanium «-butoxide (a) 87.68 % 
(1.75 wt%) and (2 wt%) titanium diisopropoxide bis (2,4-pentanedionate) (b) 47 % (0.94 wt%) 
on charcoal (Figure 1). 

FE-SEM micrographs show the wt% of the metal present on the surface of charcoal due to 
adsorption of different metal-organic compounds. Few representative FE-SEM micrographs are 
shown in Figure 2 to Figure 4. It has been found that different surface of activated charcoal 
adsorbed different amount of metal. Therefore, the wt% of metals adsorbed on activated charcoal 
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was taken as average and data for maximum adsorption are given in Table I and Figure 5. The 
main constituent of charcoal is carbon whose wt% is above 90 in all FE-SEM micrographs. 

2Λ V Ti(a) r<b) 

Figure 1, Wt% of metals adsorbed on charcoal using (2 wt%) zinc 
2,4-pentanedionate (Zn), (2 wt%) vanadium 2,4-pentanedionate 
(V), (2 wt%) titanium /?-butoxide (Ti(a)), (2 wt%) titanium 
diisopropoxide bis(2,4-pentanedionate) (Ti(b)) (AAS Results). 

Table I. Maximum wt % of metal adsorbed on charcoal using FE-SEM results 
Samples 

Zinc-2,4 pentanedionate (4 wt%) 

Vanadium-2,4 pentanedionate (4 wt%) 

Titanium /t-butoxide (2 wt%) 

Titanium diisopropoxide -

bis (2,4-pentanedionate) (2 wt%) 

Wt% of metal adsorbed 
(Calcinated Temperature 
°C) 

3.11 (150 °C) 

3.01 (100 °C) 

2.00 (100 °C) 

1.11 (80 °C) 

Average wt% of metal 
adsorbed 

3.05 

2.96 

1.52 

0.94 
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Figure 2. FE-SEM of charcoal incorporated with zinc using (4 wt%) Zn 2,4-pentanedionate 
calcinated at 150 °C. 
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Figure 3. FE-SEM of charcoal incorporated with vanadium using 
(4 wt%) vanadium 2,4-pentanedionate calcinated at 100 °C. 
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Figure 4. FE-SEM of charcoal incorporated with titanium using (2 
wt%) titanium w-butoxide calcinated at 100 °C. 
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Figure 5. Average wt% of metal adsorbed on charcoal using zinc 
2,4- pentanedionate (Zn), vanadium 2,4-pentanedionate (V), 
titanium «-butoxide (Ti(a)), titanium diisopropoxide bis(2,4-
pentanedionate) (Ti(b)) (FE-SEM Results). 

The high porosity and incorporation of metal in the porous carbonaceous material such as 
activated charcoal prompted us to evaluate its hydrogen adsorption performance. Low-pressure 
hydrogen sorption isotherms of activated charcoal incorporated with metal-organic compounds at 
77.4K revealed reversible hydrogen sorption as shown in Figure 6. The abbreviations for the 
samples were given as Pure Activated Charcoal (CH), Charcoal incorporated with (2 wt%) 
titanium w-butoxide (TB), (2 wt%) titanium diisopropoxide bis(2,4-pentanedionate) (TC), (4 
wt%) Zinc 2,4-pentanedionate (Z) and (4 wt%) Vanadium 2,4-pentanedionate (V). The 
maximum H2 adsorption behaviour of samples at 77.4 K is shown in Table II. The H2 adsorption 
in Activated Charcoal (CH) increases abruptly at the start of experiment and reaches to 
maximum of 155cm3 (STP) /g at P/P0 = 1.0 and maximum uptake of 1.37 wt% of hydrogen at 
77.4K. The hydrogen adsorption in activated charcoal already has been investigated 0.05 wt% at 
room temperature, 298 K and pressure of 9.5 bar. While carbon nanotubes have 0.185 wt%, it is 
because of lattice defect in carbon nanotubes [20]. 

Table II, Mmaximum H2 uptake in different carbonaceous materials 
Carbonaceous materials 

CH 

TB 

TC 

Z 

V 

Maximum volume @STP 
cc/g 

155.6 

102.17 

119.4 

164.5 

133.6 

Maximum Wt% of hydrogen 
adsorbed 

1.37 

0.90 

1.05 

1.45 

1.17 

CH, Activated Charcoal; TB, Actvated charcoal incorporated with 2% titanium 
w-butoxide; TC, Actvated charcoal incorporated with 2% titanium 
diisopropoxide bis(2,4-pentanedionate); Z, Actvated charcoal incorporated with 
4% Zinc 2,4-pentanedionate; V, Actvated charcoal incorporated with 4% 
Vanadium 2,4-pentanedionate. 
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Figure 6. Adsorption-desorption isotherms of different 
carbonaceous materials at 77.4K on H2(g). 
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Samples TB, TC and V exhibited H2 uptake of 102.17 cm3 (STP) /g, 119.4 cm3 (STP) /g and 
133.6 cm3 (STP) /g at P/P0= 1.0 (0.90, 1.05 and 1.17 wt%, respectively). Due to intercalation of 
metal the porosity of activated charcoal changes and different isotherms can be classified 
according to the interaction of metal with activated charcoal. This is why relatively low 
hydrogen uptake of 0.9-1.17 wt% at 77.4K in samples TB, TC and V than that of activated 
charcoal (CH) 1.37 wt%. It was found that in case of activated charcoal incorporated with (4 
wt%) zinc 2,4-pentanedionate (Z) H2 uptake was 164.5 cm3 (STP) /g at P/P0= 1.0 (1.45 wt%). It 
was maximum than that of other incorporated carbonaceous materials and pure activated 
charcoal (1.37 wt%) also. The adsorption and desorption isotherms indicate that the process 
responsible for hydrogen adsorption in these carbonaceous materials may involve both 
physiosorption and chemisorption. In conclusion it should be noted that the precise nature of 
interaction between the activated charcoal and transition metals is purely speculative and 
difficult to evaluate with precision. 

The hydrogen storage on carbonaceous materials can be explained with Henry's law which is 
valid for a diluted layer adsorbed on the surface. At the temperature, the intercalation based on 
van der Waals forces between H2 and carbon is the same order as the thermal motion energy of 
H2 molecule on the surface. In order to increase the H2 storage capacity, one should operate at a 
much lower temperature or under high pressure [21]. 

Conclusions 

In conclusion, carbonaceous materials incorporated with metal-organic compounds were 
successfully prepared. It was found that H2 uptake was 164.5 cm3 (STP) /g at P/P0 = 1.0 (1.45 
wt%) in case of activated charcoal incorporated with (4 wt%) zinc 2,4-pentanedionate. It was 
maximum than that of other incorporated carbonaceous materials and pure activated charcoal 
(1.37 wt%) also. Adsorption process is mainly affected by the pressure and temperature of the 
gas. High hydrogen uptake happens when the pressure is high. 
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Abstract 

Nickel oxide nanoparticles were synthesized using sodium dodecyl sulfate as the surfactant and 
urea as the hydrolyzing agent and different calcination temperatures and time were selected for 
preparation. Nitrogen adsorption (BET), X-ray diffraction (XRD) and scanning electron 
microscope (SEM) were subsequently used to characterize the prepared samples. The effect of an 
external electric field on hydrogen adsorption over a prepared nickel oxide was carried out. The 
electric filed was introduced by a piezoelectric element, which is capable of autogenously 
generating charges under hydrogen pressure. Increased hydrogen adsorption was obtained from 
this study, which indicated a stronger interaction between the adsorbent surface and hydrogen. 

Introduction 

Metal oxide has attracted great attention for adsorption because of their wide application in 
catalysis [1-7], gas storage [8,9] and sensors [10,11]. However, with respect to the usage in 
hydrogen adsorption, few research outcomes have been reported [12,13], since there remains the 
difficult task of synthesizing highly porous metal oxides with unsaturated metal centers, which 
account for the strong interaction with hydrogen [14,15]. Nickel oxides are polar materials with 
an intrinsic dipole moment. The external applied electric field could further enhance the dipole 
moment so that the hydrogen could be more strongly adsorbed. 

Piezoelectric elements are energy transformation devices that are capable of transforming 
mechanical energy into electricity and vice versa. They are found in useful applications such as 
the production and detection of sound, generation of high voltages, electronic frequency 
generation, and so on. In our study, a piezoelectric element, which is a thin slab was buried inside 
the sorbent. Under hydrogen pressure, charges will be generated and accumulate at surface of the 
element in response to the applied mechanical stress. The electrical charge created at the element 
surface under static hydrogen pressure can be estimated by [16] 

Q=d33PS (1) 

where Q is the electrical charge, d^ is the piezoelectric charge constant, P is the hydrogen 
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pressure, and S is the surface area upon which hydrogen pressure is exerted. As nickel oxide is 
non-conductive, the electric field can be preserved inside the material and the induced increase 
of adsorption could be expected. 

Experimental 

gvnthesis of Porous Nickel Oxide 
Porous nickel oxide used in this study was prepared following previously developed techniques. 
13.19 g NiCl2'6H20, 32.01 g sodium dodecyl sulfate (SDS), 100 g urea and 60 ml DI water were 
mixed together and stirred at 40 °C for 1 h to obtain a transparent solution. The solution was then 
transferred to an 80 V oil bath and kept for 6 h. The obtained slurry was cooled and filtered and 
then dried at 120 °C overnight. The soljd were ground and washed several times with ethanol to 
remove the surfactant, The final product was dried and calcined at different temperature for 
desired time to obtain porous oxides. The final products were denoted as NiO-SDS. 

The surface area and micropore volume were measured with a Micromeritics ASAP2000 
instrument using nitrogen adsorption at liquid nitrogen temperature (77 K). The samples were 
evacuated by heating at 200°C under vacuum for 12 hours before testing. X-ray diffraction (XRD) 
was carried out using a Scintag XDS2000 powder diffractometer at a scan rate of 0.08 7s with 
Cu radiation at 45 kV, 35 mA. A Hitachi S-4700 field emission-scanning electron microscope 
(FE-SEM) was used to examine the microstructure of the samples. 

Hydrogen Adsorption Measurement 
Hydrogen adsorption measurements at 0-140 bars were carried out with a volumetric sorption 
measurement instrument (PCT-Pro 2000, Hy-Energy, LLQ.The experimental setup is illustrated 
in Figure 1. Sorbent and a piezoelectric element were placed inside a glass container, which was 
capped by a paper filter and put inside the stainless sample holder to prevent the generated 
charges from spreading out. The piezoelectric element was a PMT-PT slab purchased from 
Morgan Electroceramics with a dimension of 5 X 5 X1 mm. The positive side of the slab was 
covered by a BaTiCb thin film to ensure the generation of only negative charges. The d^ value of 
this kind of material is in a range of 1200-2000 pC/N [17]. 

Prior to the test, the sample were dried in an oven at 105 °C for 12 h and then moved into the 
sample holder and evacuated at 100 *C for 2 h to ensure the removal of any contaminations on 
the sample surface. Around 300 mg sample was used in each run. Ultrapure (99.99999%) 
hydrogen and helium gases were used for all calibrations and measurements. All the adsorption 
measurements were conducted under room temperature (22±0.8 °C). A blank test was also 
performed to exclude possible adsorption of hydrogen on the inner wall of the sample holder. 
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connect to PCT-Ρηα 2000 

Figure 1 Experimental setup for hydrogen adsorption measurement. 

Results and Discussion 

Characterization of Porous Nickel Oxides 
The adsorption isothermals of NiO-SDS calcined at 300 °C and 360 °C for various time are 
shown in Figure 2a. All the samples prepared preserved mesoporous characteristic. The 
corresponding pore size distributions calculated by BJH desorption are shown in Figure 2b. The 
NiO-SDS calcined at lower temperature presented to have narrower pore size distribution which 
concentrated around 4 to 5 nm. With the calcinations temperature increased to 360 °C, the pores 
were clearly widened and the pore size distribution was enlarged. 

******* Pressure (WI>^ A v e f 8 g e p ^ &&&* (,»») 

Figure 2 (a) Nitrogen adsorption/desorption isotherms and (b) pore size distribution (calculated 
by BJH desorption) of nickel oxides. 

Surface area and pore size properties of calcined products were summarized in Table 1. The BET 
surface area of NiO-SDS increased with increase of calcination time from 1 hour to 2 hours at 
300 °C and further calcination caused negligible enhancement on the total surface area. At such 
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temperature, the decomposition of Ni(OH)2 slowly developed and the pore skeleton generated 
was very stable. With the calcinations temperature increased from 300 °C to 360 eC, the total 
surface area dropped and longer heating time resulted in lower surface area. Obviously, the 
decomposition of Ni(OH)2 took place too fast at such temperature and the pore structure 
collapsed upon heated. And as the calcinations proceeded longer, the pore size was enlarged and 
the small pores began to be sintered, as observed that the pore diameter increased to 8 nm for 1 
hour heating at 360 "C. 

Table 1 Surface properties of calcined nickel oxides 

Samples 

NiO-SDS 300 TC lh 
NiO-SDS 300 V 2h 
NiO-SDS 300 Ό 3h 

NiO-SDS 360 *C 20min 
MO-SDS 360 eC 40min 
NiO-SDS 360 4C 60min 

BET surface area 
(m2/g) 
318.29 
382.23 
382.56 
361.82 
357.57 

341.25 

Average pore 
diameter (nm) 

6.95 
7.08 
7.08 
7.47 
7.48 

8.09 

Pore volume 
(cc/g) 

0.553 
0.677 
0.677 
0.675 
0.668 

0.689 

XRD analysis was used to confirm if the hydroxides were totally transformed into oxides. As 
shown in Figure 3, the hydroxide decomposition was not completed after 1 hour heating at 
300 eC. This was identified from a small remaining peak of nickel hydroxide hydrate at around 
23°. Total decomposition was achieved at 300 eC after 3 hours. A higher temperature of 360 °C 
resulted in complete calcination even for 20 minutes duration time. 

40 60 

2 Theta (degree) 

Figure 3 XRD patterns of nickel oxide. 

Figure 4 shows the FE-SEM images of the nickel oxide calcinated at 300 °C for 3h. Uniform 
crystals can be observed. 
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Figure 4 FE-SEM images of porous nickel oxide (NiO-SDS 300 °C 3fy 

Hydrogen Adsorption Measurement 
For better results, here we chose the nickel oxide with the highest surface area (NiO-SDS 300 °C 
3h) for hydrogen storage test. Hydrogen adsorption isotherms at room temperature for porous 
NiO and NiO with PMN-PT are shown in Figure 5. The porous nickel oxide had a total hydrogen 
capacity of about 0.08 wt % at 135 bar. The shape of the adsorption curve was almost linear, 
indicating a further increase in capacity could be obtained at a pressure >135 bar. The results also 
showed that the hydrogen uptake had been remarkably enhanced to 0.11 wt % at 135 bar in the 
presence of PMN-PT, which was about 37.5% increase. It should be noted that the PMN-PT 
alone had zero adsorption at the same conditions. Such significant enhancement was due to the 
effect of electric field on nickel oxide. 

Physisorption played the most important role in this process. Negative charges created would 
stay around the surface of PMN-PT and work as the source of electric field. Electric cloud of 
both sorbent and hydrogen molecule could subsequently be polarized and form a stronger 
interaction. On the other hand, nickel oxide was said to have relatively weak catalytic effect on 
hydrogen storage comparing to metal nickel [18]. By embedding the piezoelectric material into 
the ionic adsorbent, the negative charges generated could charge the nearby catalytic sites. 
Dissociation of hydrogen would involve charge transfer between the dissociated hydrogen and 
the charged site to form hydrogen ions (H+ or H"). These ions could easily diffuse into the porous 
nickel oxide under electric field, resulting in enhanced catalytic effect. Moreover, it is noted that 
the magnitude difference between the two lines continuously increased from 0 to 60 bar and then 
remained almost constant at pressures higher than 60 bar. This implies there was a saturation 
point from which further increase of the electrical strength has no effect on the hydrogen 
adsorption. 
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Figure 5 Hydrogen uptake isotherms on porous nickel oxide 

Conclusions 

Porous nickel oxides were synthesized utilizing sodium dodecyl sulfate as the growth templates 
and the calcination temperature and time were varied for an optimized result. Taking the sample 
with the highest surface area as sorbent, we demonstrated that placing a piezoelectric element 
inside nickel oxide sorbent could significantly increase hydrogen adsorption. 37.5% uptake 
increase was observed at 135 bar at room temperature. The increase is attributed to a stronger 
interaction between hydrogen and host induced by negative charges that are generated at the 
surface of piezoelectric element under hydrogen pressure. Enhanced catalytic effect of nickel 
oxide under electric field could be an important factor on increased adsorption. 
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Abstract 

Nanocrystalline CdS thin films were prepared by vacuum evaporation on glass substrates at 
ambient temperature. The films were characterized by recording and analyzing their 
transmittance, X-ray diffraction (XRD) patterns, scanning electron microscope (SEM) images 
and Energy dispersive X-ray (EDAX) spectra. X-ray diffractograms revealed that the material is 
nanocrystalline with predominant cubic crystal structure and preferential orientation along (11 
1) plane. SEM micrographs confirmed the nanostructure of the material and showed uniform and 
well covered surfaces. EDAX reports revealed that the films are cadmium rich and contain 
oxygen. The first derivative of the absorbance was used to estimate the effective bandgap 
energies of the nanocrystallites and the hyperbolic band model was used to estimate their radii. 
The results were compared with those obtained by XRD and SEM measurements. 

Introduction 

CdS thin films are of considerable interest as they can be used in fabrication of solar cells and 
other opto-electronic devices. In particular, heterojunction solar cells with a narrow band gap 
base and wide band gap window have been investigated in an attempt to develop efficient, stable 
and low-cost solar cells [1]. The CdS quantum dot embedded in a glass matrix is one of the well-
known quantum dot systems and its electronic and luminescent properties have been studied 
extensively [2].Three-dimensional confinement of carriers within the quantum dots leads to the 
blue shift of the optical band-gap and to modification of many properties of semiconductor 
material [3]. It has been argued that in these semiconductor nanoparticles the hyperbolic band 
model gives a better fit to the observed quantum size effect as compared to the effective mass 
approximation [4]. 

There are different ways to synthesize CdS nanoparticles such as colloidal particulates [5], 
chemical deposition [6], sol-gel [7], spray pyrolysis [8], chemical bath deposition [3], vacuum-
evaporation [9], etc. In the present work, vacuum evaporation technique has been chosen for the 
deposition of nanocrystalline CdS thin films as it is simple compared with other new and 
sophisticated techniques. 

Most studied nanocrystalline semiconductors belong to the II-VI group as they are relatively 
easy to synthesize and generally prepared as particulates or in thin film form. Among II-VI 
compounds, CdS is one of the most studied materials. For example, Némec et al. [3] reported on 
the control of nanocrystal sizes in CdS nanocrystalline films prepared by ammonia-free chemical 
bath deposition technique. Datta et al. [10] achieved size tunability of thiophenol capped CdS 
nanoparticles (NPs) by controlling the temperatures at the time of synthesis. In this work CdS 
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nanocrystallites were produced by vacuum evaporation on glass substrates at ambient 
temperature. The grain size was estimated by using XRD diffractograms, SEM micrographs, and 
first derivative with the hyperbolic model. The obtained values from these different methods are 
compared and discrepancies are explained. 

Experimental Part 

Undoped CdS thin films were deposited by vacuum evaporation at ambient temperature on glass 
substrates of dimensions (6><2.6χΟ. lcm3) in a high vacuum system (~10"5 mbar) provided with a 
Turboe pump. The evaporation rate was about 10 Á/s and it was measured by a cooled quartz 
crystal monitor. The distance between the source and the substrate was about 30 cm. Films of 
thickness 50-495 nm were produced through different individual evaporations. 

The transmittance of the films was measured by using a double beam Shimadzu UV 1601 (PC) 
spectrophotometer with respect to a piece of glass similar to the substrates in the wavelength 
range 300-1100 nm. The thickness of the films was estimated from the interference maxima and 
minima in the transmittance by using the method of Alvin [11]. X-ray measurements were 
recorded by a Philips PW1840 Compact X-ray diffractometer system with Cu Κα (λ = 1.5405 Á). 
The SEM micrographs were taken by a FEI scanning electron microscope (Inspect F 50), which 
was supplied by energy dispersive analysis by X-rays (EDAX), so the compositional analysis of 
the films was performed by the same system. 

Results and Discussion 

Fig.l displays the X-ray diffractograms of two CdS films with different thickness. As the figure 
shows, the structure is mainly identified as zinc blende, where the characteristic lines of the 
cubic phase C(l 1 1), C(2 2 0), C(3 1 1) and C(2 2 2) are evident in the diffractogram. The C(l 1 
1) peak at 2Θ about 26.2° is overlapped by a broad band produced by the amorphous glass 
substrate. Nömec et. al. [3] says that cadmium sulfide nanocrystallites tend to crystallize in cubic 
(zinc-blende) structure unlike the bulk CdS which is usually hexagonal (wurtzite). But the 
diffractogram also shows some lines of the hexagonal phase, which are the H(l 0 0), H(l 0 1) 
and the H(0 0 2) lines. On the other hand it is known that the peak produced by the C(l 1 1) 
crystalline planes of the cubic CdS and that of the H(0 0 2) crystalline planes of the hexagonal 
structure coincide within 1 per cent. As the figure shows, the C(l 1 1) is the preferential 
orientation for crystal growth, but it is stronger and narrower in the case of the 300 nm film, 
indicating that the grain size in this film is larger. 

The grain size was calculated by using Scherrer formula and the line C(l 1 1) in the XRD pattern 
of the film with thickness 300 nm, where it has the largest intensity. 

Dcostf 

where d is the grain size (diameter of the nanocrystallites), λ is the X-ray wavelength used, D 
is the angular line width of the half-maximum intensity and Θ is Bragg angle. The grain size was 
found to be about 15 nm for the crystallites grown in this direction, or the average radius of the 
nanocrystallites is about 7.5 nm. It is necessary to remind by the fact that, lines of smaller 
intensity give smaller values of d in both films. 
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Figure. 1 X-ray dif&actogram of vacuum evaporated CdS thin films of thickness a) 100 nm. b) 
300 nm. 
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Figure.2 SEM micrographs of vacuum evaporated CdS thin films with thickness a) t = 400 nm. 
b) t=100nm. 

Fig»2 depicts the SBM micrographs for two films of thickness 100 and 400 nm. The images show 
uniform and close-packed films with complete coverage of the substrates. The micrograph of the 
thicker film shows larger grain size than the thinner one. The grain size was estimated for seven 
nanocrystallites randomly in the image of the 400 nm film, and the average grain size obtained 
by this method is about 36,57±2.10 nm, which gives an average radius of about 18.0 nm. 

Fig.3 shows a typical ED AX pattern for the film of thickness 100 nm beside a SEM image to 
show the position where the compositional analysis was performed. It is found that the ratios of 
Cd: S: O concentrations in the film are 45.33: 36.30: 18.37. This means that the CdS films are Cd 
rich and the ratio of Cd to S is 1.25. This result is consistent with the findings of Nanda et. al. 
[12] who showed that CdS nanoparticles have excess Cd, the amount of which increases on 
decreasing the size. It is known that excess Cd can produce acceptor states within the gap of 
CdS. These states together with those originating from quantum size effect will form a 
continuum of localized states near the valence band edge [12]. The presence of oxygen in the 
films is because of the long exposure to atmosphere. 

The transmittance curves which are recorded at room temperature for five values of film 
thickness are shown in Fig.4. The transmittance is as high as 100% for films thicker than 100 nm 
for values of wavelength larger than the cut-off value for CdS which is about 513 nm. Films of 
thickness more than 100 nm showed interference maxima and minima, while thinner films didn't 
show this» because the minima and maxima are more separated in this case. The sharpness of the 
absorption edge decreases with decreasing film thickness, which is evidence of the presence of 
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nanocrystallites. These results are in excellent agreement with the results obtained by Sahay et al 
[13] that for sulfide films deposited on the glass substrate; nano-confined effects begin to play 
substantial role in the optical spectra near the band edge. 

The point at which the 
compositional analysis was 
performed. 

(a) 

cps/ev 
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SEM image of the film and the position where the compositional analysis was performed. 
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Figure.4 Transmittance curves of vacuum evaporated CdS thin films of different values of film 
thickness. 
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Figure. 5 The absorbance curves of vacuum evaporated CdS thin films of different values of film 
thickness. 
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The absorbance curves for CdS films of different thickness are displayed in Fig. 5 where the 
absorbance is high in the UV region and low for values of wavelength larger than the cut-off 
wavelength of CdS. These curves show that the absorption edge is not sharp, but it is graded. 
This phenomenon is evidence on the presence of nanocrystallites or quantum dots with different 
sizes and then the presence of different values of the bandgap energies [14]. To confirm this 
expectation, the first derivative of the absorbance curves was plotted in Fig.6. 

Wavelength (nm) 

400 
— mil-1 - ' 
450 500 550 

50nm 
- - «lOOnm 

200nm 
300nm 
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Figure.6 The first derivative of the absorbance curves of CdS thin films of different thickness. 

The minima of the first derivative for the films of thickness 300 and 400 nm were displayed in 
tables I and II respectively and used to find the optical bandgap energies. As we see there is a 
wide range of bandgap energies that is; 2.594-3.930 eV and 2.594-4.113 nm for the films of 
thickness 300 and 400 nm respectively. The increase in the bandgap energy could be explained 
as follows; the nanoparticles have the crystalline structure of their bulk counter parts and hence 
are characterized by the fully occupied valence band and an empty conduction band separated by 
the energy gap (Eg). However, the charge carriers in these bands e.g., the electrons in the 
conduction band and holes in the valence band experience an overall confining potential due to 
the finite size of these particles. As a result there will be size-dependent discrete states in the 
conduction and valence bands resulting in the effective enhancement of the bandgap; the so-
called quantum size effect [4,9]. It has been argued that in these semiconductor nanoparticles the 
hyperbolic band model gives a better fit to the observed quantum size effect as compared to the 
effective mass approximation [4]. So it was used in this work to estimate the size of the 
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nanocrystallites. The equation derived for the bandgap, Egn of nanocrystallites according to [12] 
is: 

Egn ·■ E2
gb^2h2Egb[A lm\ 

1/2 

(2) 

where £„¿ is the bandgap for the bulk semiconductor which equals to 2.42 eV [15], R is the 
particle's radius, and me is the effective electron mass. Taking m * = 0.2 m [16] for CdS, where 
me is the mass of a free electron. The calculated values of particle's radii for the two 
aforementioned films are displayed in table I and II. From table I the average value of the radius 
is R±AR » 5.2±2.8 nra, and from table II it is R±AR = 5.7±2.7 nm. The large values of the 
standard deviation are due to the first value in each table which is 11.4 nm. If we look at Fig.6 
we find that this minimum is very small and it could be neglected. In this case the average values 
with standard deviations will be 3.9±0.4 and 4.3±1.0 for the 300 and 400 nm values of film 
thickness respectively. So a narrow range of the nanoparticles radii is obtained by the vacuum 
evaporation technique. It is noticed that the nanocrystallites are smaller and have narrower size 
distribution in the case of the thinner film. So, decreasing film thickness results in smaller size of 
the nanoparticles and narrower distribution of their radii. 

By comparing the average value of R in table I with the value obtained from the X-ray 
diffractogram of the film of thickness 300 nm, it is found that there is a considerable difference. 
The reason of this discrepancy is that the C(l 1 1) line of the cubic phase that was used in the 
calculation is overlapped with the H(0 0 2) line of the hexagonal phase, which results in 
increasing its intensity and hence reducing its full width at half maximum. The result of this is a 
larger value of the estimated grain size. The comparison between the average value of R in table 
11 and the average value obtained from the SEM micrograph for the film of thickness 400 nm 
shows that the value obtained by the SEM is too much larger. This can easily be explained by 
saying that crystallites in the SEM micrographs are aggregates which consist of a collection of 
smaller particles. 

Table 1. Values of Egn estimated from Fig.6 and the calculated values of the nanocrystaHites' radii 
for film of thickness 300 nm. 

No. 

1 
2 
3 
4 
5 
6 

Position of the 
minima (nm) 

478 
365 

353.5 
337 

325.5 
315.5 

Eg = hc/X(eV) 

2.594 
3.397 
3.508 
3.670 
3.810 
3.930 

R(nm) 

11.4 
4.5 
4.2 
3.9 
3.6 
3.4 
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Table II. Values of Egn estimated from Fig. 6 and the calculated values of the nanocrystallites' 
radii for film of thickness 400 nm. 

No. 

1 
2 
3 
4 
5 
6 
7 

Position of the 
minima (nm) 

478 
416.5 
382 
365 
344 
314 

301.5 

Eg = hc/X(eV) 

2.594 
2.977 
3.246 
3.397 
3.605 
3.949 
4.113 

R(nm) 

11.4 
6.1 
4.9 
4.5 
4.0 
3.4 
3.2 

Conclusions 

Nanocrystalline cadmium sulfide CdS thin films were produced by vacuum evaporation on glass 
substrates at ambient temperature. The films were characterized by recording their XRD 
diffractograms, SEM observations, ED AX spectra and transmittance measurements. XRD 
diffractograms and SEM micrographs revealed the nanocrystalline nature of the films. EDAX 
spectra showed that the films are cadmium rich and that, they contain oxygen. The transmittance 
and absorbance curves confirmed the presence of quantum dots. The bandgap energy for the 
different nanocrystallites Egn was estimated from the first derivative of the absorbance. These 

values of bandgap energy were used to calculate the paticles' sizes according to the hyperbolic 
model. The estimated values of the optical band gap are found to be 2.594-4.113 eV, 
corresponding to nanocrystallites of radii 11.4-3.2 for CdS films of thickness 300 and 400 nm. 
These results are compared with the results obtained by XRD diffractograms and SEM images. 
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Abstract 

The PNN-PZT *Pb(Nio3Nbo.67)03-(7-Jt)Pb(Zro.3iTio.69)03 (0.2<x<0.6) based relaxor-ferroelectric 
material was synthesized by columbite precursor (NiTs^Oö) method via conventional solid state 
reaction. Homogeneous mixture of required oxides and precursor was calcined at 850°C for 4 hrs 
to obtain phase pure perovskite. Pellets of PNN-PZT ceramics were sintered at 1100°C for 4 hrs. 
Phase pure perovskite structure was confirmed by the X-ray diffraction analysis. From the X-ray 
diffraction analysis it is also confirmed that there is a structural transformation from the 
rhombohedral to tetragonal with increase in PZT content and existence of morphotrophic phase 
boundary (MPB) at x = 0.5 composition. The morphology and microstructure of the sintered 
pellets were observed using the scanning electron microscope. P-E loop measurement shows the 
high remnant polarization (19.12 μ^αη2) and low coercive field (6.89 kV/cm) at MPB 
compared to all other compositions. The electromechanical planar coupling coefficient (kp) was 
measured through the resonance and anti-resonance method using the LCR meter. The 
piezoelectric strain coefficient (ob) measured directly using the d33-meter. At x = 0.5 
composition the highest value of d¡3 = 398 pC/N is obtained. 

Introduction 

Lead nickel niobate (PNN) is one of the first known relaxor ferroelectrics, reported by 
Smolenskii and Agranovskaya in 1958, and have been extensively investigated over the years [1-
2]. The phase pure PNN was prepared using the columbite precursor method by Veitch in 1983 
[3]. At room temperature the PNN has the perovskite crystal structure with cubic unit cell and 
lattice parameter a = 4.03Á. The PNN exhibits diffused phased transition around -120 °C. Lead 
zirconate titanate (Pb(ZrxTii„x)03 (PZT), a solid solution of lead titanate (PT) and lead zirconate 
(PZ), is known for its various applications such as transducers, sonars, micropositioners, rotary 
actuators, and pyroelectric sensors due to its outstanding ferroelectric, piezoelectric, and opto-
electronic properties. Because of this reason it has been studied extensively for several decades 
[4]. The solid solution of normal ferroelectric and relaxor ferroelectric materials is of particular 
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interest during the recent years owing to their better piezoelectric and dielectric properties; 
among these one of the interesting material is PNN-PZT. Buyanova et. al. studied the PNN-PZT 
in detail and investigated morphotrophic phase boundary (MPB) of the system in 1965 [5]. 
Piezoelectric properties of PNN-PZT was studied by Luff et. al.; and they observed their highest 
values at the composition 0.5PNN-0.35PT-0.15PZ [5]. Due to its enhanced piezoelectric 
properties and excellent response to characteristic strain it is a promising candidate for 
piezoelectric microactuators application. 

A significant problems involved in the synthesis of the relaxor ferroelectrics are formation of 
pyroehlore phase (Pb3Nb4Öi4) prior to perovskite phase formation and hence their loss during the 
sintering process due to low melting point of lead. However conventional solid state route 
(columbite precursor method) is known to be a better method to synthesize phase pure perovskite 
[6]. In this work we synthesized the pyrochlore-free single phase PNN-PZT via columbite 
precursor method, characterized their physical and electrical properties, and studied the effect of 
crystal structure on the physical and electrical properties of the material. 

Experimental Details 
Synthesis 

The powders of xPNN-(/-x)PZT (0,2<x0.6) were synthesized via columbite precursor method. 
The raw materials used for the synthesis were high purity (-99%) PbO, Ti02, Zr02, NiO, and 
NbsOs, The nickel niobate (columbite precursor) was synthesized using NiO, Nb2Os powders 
taken in stoichiometric proportion. Then mixing and grinding of the powders was performed for 
2 h in an agate mortar. The calcination of the homogeneous mixture was carried out using an 
alumina crucible at 900 6C, 1000 *C, 1100 °C, and 1200 °C in a muffle furnace for 4h. Once the 
single phase nickel niobate has formed other oxides such as PbO, Ti02, Zr02 NiNb206 and 2 
mol.% excess lead oxide has been taken in stoichiometric proportion to obtain the PNN-PZT. 
Then mixing and grinding of these powders has been done for about 2 h in an agate mortar using 
acetone. The homogeneous mixture of the oxides has been calcined using an alumina crucible at 
800 *C, 850 *C in a muffle furnace for 4 h. 

The chemical reactions involved were, 
Calcination at 1200 eC: 
NiO + N b A ** NiNb206 (1) 
Calcination at 850 *C: 
PbO + (l-x) Ti02 + (l-x) Zr02 + xNiNb206 ■» x PNN - (1-x) PZT(0.2<x<0.6) (2) 

After the formation of the single phase PNN-PZT, the powders were pressed (200 MPa) into 
cylindrical disks of 9 mm diameter and 1 mm thickness using a hydraulic press. Subsequently the 
pellets were sintered in a closed alumina crucibles at 1100 °C for 4 h. During sintering an 
equivalent amount of lead zirconium oxide (PbZrOs) powder was placed around the pellets in 
order to suppress the lead loss from the sintered pellets [6]. 

304 



Characterization 

The structural and microstructural characterization were performed using x-ray diffractometer 
(XRD) (Bruker D-8 advance) and scanning electron microscopy (SEM) (HITACHI S-3400N) 
respectively. For the electrical characterization of PNN-PZT ceramics the electrical contacts 
were made by using silver paste with the curing temperature -500 °C. Sintered pellets were 
polished using fine emery paper to get the flat surface. Silver paste was deposited on both sides 
of the pellet. Firing was performed in a furnace at 500 °C for 15 min to get good adhered 
electrodes. Ferroelectric hysteresis loops were recorded at room temperature using an automatic 
P-E loop tracer from Marine India Company. In order to measure the piezoelectric properties 
samples were polled by applying DC electric field three times of coercive field for 30 min in a 
silicone oil bath at 100°C. After poling the pellets were kept in a silver foil for 24 h for the 
charge dissipation prior to testing. Piezoelectric charge coefficient d^ was directly measured 
using the Piezo d33 system (Model SS01 sensor technology limited). The electromechanical 
planar coupling coefficient (kp) was calculated using resonant ant resonant frequencies measured 
using an Agilent E4980A LCR meter. 

Results and Discussion 

Figure 1 shows the XRD spectra of JCPNN-(/-JC)PZT (0.2<X<0.6) sintered at 1100 °C for 4 h. The 
XRD patterns (Fig la.) clearly reveal that the structure is single phase perovskite for all the 

compositions. In the present study the single phase perovskite structure without pyrochlore was 

JL-JL JLJL if I 

J L ^ L ^ l 

I ^ J L ^ J I 
20 30 

— , r» 1 r — i — 

40 50 60 
2β (Degree) 

, ! x*0< 

x « 0.$ 

*»0.4 

x * 0.3 

j — sr - -

y \ 

λ 
L 

A A 

x»ftj* 

: *«»Λ ::; : 

x » M 

x««¿ 

x » M 

t | 

70 80 

Al 

Λ 

¡I; 
A 

A 

»ft·*«) 
χ»βΛ 

χ««Λ 

χ»Φ.« 

χ .β .3 

*»9Ά 

Α ί̂ 

wá 

_ ^ _ j j 
40 42 

Figure 1. a)XRD patterns of JCPNN-(1-JC)PZT ceramics sintered at 1100 °C for 4 hrs (0.2<x<0.6); 
Enlarged x-ray diffraction patterns of b) (211), (220) and c) (111), (200) peaks 

synthesized by columbite precursor method. The crystal structure of ΡΖΤ at room temperature is 
tetragonal [6]. From the XRD spectra it can be observed that with increasing PZT content in 
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JCPNN-(/-*)PZT the broadening and splitting of peaks takes place except for the peak (111). The 
degree of splitting also increases with increasing PZT content. This indicates that there is a 
structural transformation from rhombohedral to tetragonal phase with increasing PZT content in 
PNN-PZT system. In order to show the structural change with deceasing PNN content, enlarged 
XRD reflection from (111), (200), (211), (220) peaks for all the compositions are shown in Fig 
lb & lc. At x - 0.5 the broadening of peaks was observed, indicating the coexistence of 
rhombohedral and tetragonal phase [7]. It also evident that the splitting of peaks (200), (211), 
(220) started at x = 0.4, the degree of splitting increases with decrease in PNN content in the 
range x ■ 0.4-0.2. This is due to increasing tetragonal phase appearing in the PNN-PZT system 
with deceasing PNN content. Quantitative analysis of the XRD spectra (Reitvelt refinement) is 
currently underway. 

Figure 2. SEM Micrographs of: (a) 0.6PNN-0.4PZT, (b) 0.2PNN-0.8PZT ceramics, and (c) Average grain 
size versus composition (*) of JCPNN-(/-*)PZT (0.2<x0.6) ceramics 

The SEM images of fractured surface of the samples (x = 0.6 & 0.2) sintered at 1100 °C for 4 h 
is shown in Fig. 2a & 2b as a representative. Since the samples are non-conductive gold was 
coated on the samples using the sputter coater to make it conductive. From these images it was 
observed that the grain growth was not uniform. Existence of pores indicates that the samples do 
not have high density. The morphology of most of the grains is polyhedron. The average grain 
size of the samples is estimated by taking the average of -25 grains in an image. These images 
clearly show that with varying PNN content the grain size and distribution varies. At higher PNN 
content the grain size is small or as PNN content decreases the grain size increases. Figure 2(c) 
shows the composition (x) dependence of average grain size in *PNN-(7-jt)PZT ceramics. 
Decreasing grain size with increasing PNN content (x) is evident. 

Figure 3(a) shows the ΡΈ loops of PNN-PZT ceramics measured at room temperature using P-E 
loop tracer. The loops are symmetric and fully saturated for all compositions. Among all 
compositions 0.6PNN-0.4PZT exhibits a slim loop; 0.2PNN-0.8PZT exhibits a fat loop. This 
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indicates that as the PNN content decreases the relaxor property also decreases and the material 
exhibits the property closer to normal ferroelectric material (at x = 0.2). From the P-E loop 
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Figure 3. (a) P-E loops, (b) Pr versus x, and c) Ec versus x of the *ΡΝΝ-(1-*)ΡΖΤ 

measurements it is observed that 0.2PNN-0.8PZT has the least remnant polarization (Pr\ 
0.4PNN-0.6PZT has the largest remnant polarization, and 0.5PNN-0.5PZT has the largest 
saturation polarization (Ps). In comparison with all other compositions the 0.5PNN-0.5PZT 
exhibits smaller value of coercive field (Ec) and larger value of remnant and saturation 
polarizations. This is due to the existence of MPB at this composition. At MPB the coexistence 
of rhombohedral and tetragonal phases leads to enhancement of possible spontaneous 
polarization directions to 14 [8]. Due to the enhancement of spontaneous polarization directions 
the long range interactions exists between the ferroelectric dipoles at MPB. Figure 3(b) shows 
the variation of Pri Ec with x. It is evident that remnant polarization Pr increases initially, 
reaches maximum at x = 0.4 and subsequently decreases with further increase in x; while 
coercive field Ec decreases with increase in PNN content. The estimated Pr values are less than 
the reported results of this system [5, 8]. This may be due to the low density (presence of pores) 
of the sintered samples. The presence of pores causes high dielectric loss in the samples [4]. Due 
to high dielectric loss lower polarization is expected for materials with porosity. 

To measure the electromechanical coupling coefficient of PNN-PZT ceramics the resonance and 
anti-resonance method is used. Resonant anti resonant frequencies are recorded using an Agilent 
E4980A Precision LCR Meter. The value of kp is determined using the relation given below. 
From the measured kp values it was observed that for JCPNN-(1-JC)PZT (0.2<X<0.6) ceramics it 
increases initially from x = 0.2-0.5, peaking at * = 0.5 and then decreases at x = 0.6. The 
maximum value of kp (33.8%) is obtained at * = 0.5 which is the MPB composition of the PNN-
PZT samples that leads to enhancement of coupling coefficient. The reason for enhancement in 
kp at MPB is due to the existence of larger domain reorientation directions. Because of the larger 
reorientation directions the piezoelectric ceramics are easily poled compared to the material 
which does not have MPB. 

kp=jlinp) (3) 
where, fa - anti -resonance frequency, fr = resonance frequency 
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The piezoelectric charge coefficient (du) is measured using Piezo d33-meter (Sensor Tech SS01) 
directly. The du reaches a maximum value of 398 pC/N at x = 0.5, due to the location of MPB at 

Figure 4. Variation of kp and d33 with composition (x) in *PNN-(1-*)PZT ceramics 

this composition. Figure 4 shows the variation of kp> d33 with x. The variation in kp, d^ with 
structural changes is similar to the data reported earlier [7]. Both kp and d¡$ increases initially 
with x and then decreases with increase of PNN content. But, the estimated kp, d^ are less than 
the reported values. This is mainly because of the improper poling of the samples due to low 
density, in homogeneity in the microstructure. The samples with low density do not withstand a 
field of 3-4 times the coercive field (Ec) during poling. So poling has been done at an applied 
field of less than 3 times the coercive field. But, in order to obtain a properly poled sample 
poling has to be done at an applied field of 3-4 times the Ec. 

Conclusions 

Relaxor ferroelectric ceramics *PNN-(l-.x)PZT {02<x<0.6) were synthesized via columbite 
precursor method. Phase pure perovskite structure was confirmed by X-ray diffraction analysis. 
From the X-ray diffraction analysis it is also confirmed that there is a structural transformation 
from the rhombohedral to tetragonal phase with increase in PZT content and existence of 
morphotrophic phase boundary (MPB) at x - 0.5. The morphology and microstructure of the 
sintered pellets were observed using the SEM. From the SEM micrographs it is observed that the 
grain growth is non-uniform, morphology is polyhedron. The average grain size increases with 
increasing PZT content. P-E loop measurements show high remnant polarization (-19 μθ/αη2) 
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and low coercive field (-7 kV/cm) at MPB compared to all other compositions. At x = 0.5 
composition the highest value of d^ -398 pC/N and kp -33% is obtained. 
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Abstract 

In this paper, some DVD-R discs have been selected for long time light exposure test and 
high temperature and humidity test. Generally, recordable media under long time light exposure 
maybe be defected seriously. If we use Jitter value 8% as a reference to determine the life time of 
DVD-R samples, some discs defect after 5 hours of light exposure while some discs can endure 
over 25 hours. Also if we use reflectivity 45% to determine the life time, some discs defect after 
30 hours light exposure while some discs can endure over 40 hours. From our results, the good 
samples show good characteristics of PI error. The absorption spectrum of recordable media is a 
good reference to justify the quality of dye media. These results can be used to estimate the life 
time of recordable discs. 

Introduction 

In general, the life time of DVD-R with a layer of organic dye recording layer is required for 

preservation in decades. In addition to optical characteristics and thermal properties, we still 

need to consider the stability of the dye in recording media. The presentation of the color on 

organic dye is not only related to the material's property but also related to the light exposure. 

In this study, we focus on the absorption characteristics and reflectivity of organic dye in optical 

recording layer after light exposure. The optical properties of discs depend on the functional 

groups and molecular structure [1]. According to "DVD Specifications for Recordable Disc (DVD-

R)", the reflectivity should higher than 40%. From measured reflectivity, we can confirm that the 

important issue is whether dye be affected by light exposure or not. Because each specific 

functional group absorbs the specific spectrum, we can check the characteristics of functional 

groups from their UV/Visible Spectra. We also use High-performance liquid chromatography 

(HPLC)to detect the different components of dye on the recording layer [2]. The jitter value 
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test is to test the error cause by digital signal of recording media. If we use jitter value 8% as a 

reference to determine the life time of DVD-R samples, the purpose of this study is to 

investigate the Jitter values of recording media after high light exposure and high 

temperature/humidity test. The results of these test will be helpful for the development of long-

life optical storage media. 

Experimental 

In order to test the life time of the recording media under light exposure, more than 20 

brand samples of commercial DVD-R discs were selected for light exposure testing. The testing 

method is according to the ISO-105-BO2 standard. In our experiment, the light exposure was 

tested by using Atlas CI4000 Xenon Weather-Ometer (Fig. 1). The light source is Xenon with 

wavelength 420nm and light cycle irradiance 1.10w/m2. During the testing, the black panel 

temperature Is 636C * chamber temperature Is 42°C and the relative humidity is 30%. 

Fig. 1.ATLAS CÍ4000 Xenon weather-Ometer 

Another life testing of DVD-R samples was measured by using "Weiss Sb2?/160 

temperature and humidity tester. The testing procedure was following the Standard ISO/IEC 

10995(3). The reference temperature and humidity was set (85°C/S5%RH) for accelerating test. 

The samples after each run testing (5 hours) were automatically measured the Pl-error values. 

The characteristics of DVD-R discs were measured by using DVD-R/RW Testers as shown in 

Fig. 2. The characteristics (Jitter, reflectivity, Pi-error, ...) of samples before the light exposure 

were measured as reference data. Then the characteristics of samples were measured after the 

samples tested for each run with five hours. If the jitter value is greater than 8%, the signal may 

be read as error; so the sample Is defined as fail. The absorption spectra of samples were tested 

by using UV/V1S absorption spectrometer. The sample un-exposure and after light exposure 

312 



were dissolved in the solvent ethanol, and measure the absorbance with wavelength from 200nm 
to 800nm. 

Fig. 2.DVD-R/RW Testers 

Results and Discussion 

3.1 Light Exposure Test 

According to "DVD Specifications for Recordable Disc (DVD-R)", the jitter value should 
lower than 8%. In our experiment, five type DVD-R discs were selected to compare the different 
characteristics. Fig.3 shows the effect of Jitter values of five DVD-R samples after the light 
exposure testing. The initial jitter values before light exposure for five DVD-R samples are 
sample-A(6.7%) - sample-B(6.9%) » sample-C(7.41%) » sample-D(6.66%) - sample-E(5.43%) 
which are lower than the standard jitter value 8%. If we test the jitter values of samples after the 
light exposure for 40 hours (each run testing 5 hours), the results represent the characteristics of 
photosensitivity are: sample-A<sample-C<sample-E<sample-B<sample-D. This represents that 
the photosensitivity of sample-D is the most sensitive under solar illumination. From above 
comparison, although the jitter values of DVD-R discs before light exposure still maintain in the 
range of 5% to 7% which satisfy the format requirement, some samples are very unstable after 
light exposure. If the dye layer is more sensitive to light, the conversion efficiency between light 
and thermal is better. Therefore the characteristics of samples with different dyes on recording 
media show different results after they tested in the Xenon arc lamp spectrum for more ten hours. 
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Fig, 3.The effect of jitter values for DVD-R samples after the light exposure testing 

3,2 High Temperature and Humidity Test 

To evaluate the life time of recording media, the jitter values of the samples before high 
temperature and humidity test are good reference for evaluating the properties of recording 
media. From Fig,4, we can see that the relative stability of the Jitter values of different DVD-R 
samples are :sample-D> sample-B> sample-E> sample-O sample-A in condition (85 °C 
/85%RH). This result is almost the same as that obtained from the light exposure test as shown 
in Fig,3, The distribution curves of most samples are similar except for sample-E. The 
conclusion is tiiat the more sensitive to light exposure of dye, the more stability of samples in the 
high temperature and humidity test 

85t: ¡BS% m ~~ JfTTER-a -HH*$ampfe~A 

HBKsampfe-B 

$ampie-C 

sampte-D 

sample-E 

(air 96hr I92hr 288hr 3S4hr 480fcr 
Time 

Fig. 4.The effect of jitter values for DVD-R samples after the high 
temperature and humidity test(85°C/85%RH) 

314 



3.3 Absorption Spectrum of Recording Media 

In absorption spectrum of DVD samples, we generally can use UV/visible absorption peaks 

to make sure whether the functional groups have changed or not. From this, we select sample-C 

to explain the phenomenon. Comparing the UV/visible absorption spectra of blank DVD-R 

samples before light exposure (Sample-ST) and after 40 hour light exposure (sample-SP), we can 

find the degradation of the absorption spectra. From Fig.5 and Fig.6, we can find the absorption 

peaks of samples distribution between 540nm ~ 600nm which correspond to the required 

absorption spectrum of laser head. In our experiment, the trend of spectral distribution broadly 

divided into three categories, which are single peak, double peaks and triple peaks. From this 

results, we know that all of the dyes in different samples are different structure. Fig.5 shows the 

triple peaks of spectrum of the sample-A before light exposure, we can see that the triple peaks 

511nm, 559 nm and 598 nm respectively. After light exposure, the triple peaks are still exist, but 

the intensities of absorption are degraded obviously. Fig. 6 shows the absorption curves with 

double peaks of the sample-C. The more narrow absorption range, the higher the purity of the 

color. However, it is almost no different for double peaks in the curves of exposure and un-

exposure. We can find that the absorption intensity is also decreased for sample-C after light 

exposure. From our results, the degradation of absorption is a good reference to evaluate the 

stability of recording media. 
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Flg. 6. Absorption curves of samples C discs before and after high temperature-humidity test 

According to "DVD Specifications For Recordable Disc (DVD-R)" the reflectivity should 
be in the range of 85%—45%. From the results in Fig.7, we can see that the reflectivity of no-
writtcn/written sample-C begin to decrease after 30 hour light exposure, We conclude that the 
reflectivity is affected by light exposure obviously. The reflectivity of recorded sample is lower 
than that of blank sample. Considering the jitter values of sample-C after light exposure, the jitter 
value is begun to rise after 30 hours. From the variation of jitter-value and reflectivity for 
sample-C, we can find that the values have different change after light exposure testing 30hours 
to 40hours.We can make sure that the properties of dye layer on sample-C begin to change. It is a 
good method to estimate the life time of the recording media. Another method to estimate the life 
time of recording is using high temperature and humidity test. To test the jitter value and PI 
error of samples after high temperature and humidity testing, we can verify the stability of dye 
on recording media. In our experimental results, the sample with two peaks shows better 
characteristics, while the samples with one peak and three peaks in the high temperature and 
humidity test is relatively poor. 
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Fig.7. The no-written/written reflectivity and jitter values of sample-C 
before and after light exposure testing. 

Generally we use HPLC to confirm the results. We test the reflectivity and jitter value of 
different samples to confirm the results by using the test of HPLC to observe whether the dye is 
decomposed or not. Fig.8 shows the property decay (%) of Samples A, B, C after long time test. 
From Pl-error values of samples, there is just a little change in a short time, but the influence 
becomes obvious for samples A and B after long-time test. However, the sample-C shows good 
properties of Pl-error values even after 20 hours and 40 hours. The results indicate that the 
property of sample-C is better than those of sample-Aand sample-B. 
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Fig.8. Comparison of the property decay of Samples A, B,C after long time test. 
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Conclusion 

The jitter value test is to test the error caused by digital signal of recording media. If the 

jitter value is too large, the signal may be error. According to "DVD Specifications for 

Recordable Disc (DVD-R)", the jitter value should lower than 8%. In our experiment, five type 

DVD-R discs were selected to compare the different characteristics after light exposure and high 

temperature and humidity test. Generally, the recordable media under long time light exposure 

may be defected seriously. Some discs are defected after 5 hours of light exposure, while some 

discs can endure over 25 hours. Also if we use reflectivity 45% as reference to determine the life 

time, some discs are defected after 30 hours light exposure while some discs can endure over 

40 hours, The absorption spectrum of recordable media is a good reference to justify the quality 

of dye media. The distribution of the spectrum with single peak and triple peaks in the high 

temperature and humidity test ¡s relatively poor. From the jitter-value and reflectivity of sample-

C, we can find that after light exposure testing form 30hours to 40hours, the value have no 

difference change These results can be used to estimate the life time of recordable media. The 

results will be helpful for developing long life media. 
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Abstract 

Sn02:F/CdS:In structures were prepared by the spray pyrolysis technique on glass substrates at a 
substrate temperature Ts = 450 °C. NH4F and HF were both tried as the sources of fluorine in the 
precursor solution of SnChiF. A comparison between the properties of structures obtained by 
using the two doping compounds was performed. X-ray diffraction (XRD), scanning electron 
microscopy (SEM) and transmittance measurements were used to characterize the films. The 
structures prepared by using HF as a fluorine source were found to have more ordered crystal 
growth, larger grain size and sharper absorption edge. From the inspection of the first derivative 
of the absorbance it is expected that more interdiffusion on the SnCV.F/CdSiIn interface takes 
place in the structures made by using HF. These results confirm that these films are better as 
forecontacts for CdS/CdTe solar cells. 

Introduction 

Thin film CdS/CdTe solar cells built in the superstrate geometry rely on transparent conducting 
oxides (TCOs) to make the front contact. The investigation of combined CdS-TCO films has 
recently been developed owing to the great interest of better understanding the effect of these 
bilayers on the absorbers [1]. Usually SnCh is utilized as a front contact for these solar cells. 
Optimizing the properties of the Sn02/CdS structures is an important step on the way to get high 
performance CdS/CdTe solar cells. 

There are different methods to prepare SnU2 thin films, such as reactive sputtering [2], 
evaporation [3], chemical vapour deposition [3, 4], dip coating [5] and spray pyrolysis [6-9]. At 
the same time CdS thin films can be prepared by different techniques such as chemical bath 
deposition [10], thermal evaporation [11], screen printing [12] and spray pyrolysis [7, 13]. 
However, the spray pyrolysis technique is a very low cost and simple technique that enables 
intentional doping and getting large area and uniform thin films [14]. For these reasons it is 
choused to prepare Sn02 and CdS thin films in this work. To improve the properties of these 
compound semiconductors, Sn02 was doped with fluorine and CdS was doped with indium 
where such doping is well known for these compounds. 

Few studies are conducted on studying the Sn02/CdS structures, because CdS/CdTe interface 
had attracted attention. Niles et al. [15] had investigated the formation and thermal stability of 
the Sn02/CdS interface by soft X-ray synchrotron radiation photoemission. Krishnakumar et al. 
[16] had investigated the band alignment of differently treated TCO/CdS interface, where they 
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determined the band offset at differently prepared and treated ITO/CdS and Sn02/CdS interfaces 
using photoelectron spectroscopy and sputter depth profiling. In this work we produced the 
SnÖ2:F/CdS;In bilayers by the spray pyrolysis technique. The Sn02:F was produced by using 
two different doping compounds NH4F and HF, and the CdS:In layer was deposited onto this 
layer in both cases, A comparison between the bilayers produced by using the different fluorine 
sources was performed Considerable differences were observed and it is found that bilayers 
produced by using HF are better for the production of CdS/CdTe solar cell. 

Experimental Part 

To prepare the precursor solution for Sn02:F thin films, stannous chloride SnCl2.2H20 was 
used. Ammonium fluoride NH4F (BDH Chemicals. Ltd Poole England) and hydrofluoric acid 
HF (40%) were used as the sources of fluorine. Two different solutions were made: The first 
solution was prepared from 5.03 * 10*3 moles of stannous chloride (SnCl2.2H20) and 4.73 χ 10"3 

moles of ammonium fluoride (NH4F). These were dissolved in 45 ml of methanol CH3OH 
(MAY AND BAKER LTD DAGENHAM ENGLAND), 5 ml of distilled water, and 1 ml of HC1. 
The ratio of fluorine ions to tin ions in the solution was 0.94 which is approximately the same as 
that used by Gordillo et al. [8] at which they got the best quality of SnC>2:F films prepared by 
using NH4F. This solution was intermittently sprayed on glass substrates of dimensions 2.5 x 6 x 
0,1 cm3 that were ultrasonically cleaned in methanol for at least 15 minutes at substrate 
temperature Ts - 450 °C. The set of films prepared from this solution is called NH4F-films. The 
second solution was made by dissolving 5.01 χ 10"3 moles of SnCl2.2H20 with 5.71 χ 10"3 

moles of HF in 45 ml of methanol, 5 ml of distilled water and 1 ml of HC1. The ratio of fluorine 
ions to tin ions in the solution was 1.14 which is also approximately the same as that used by 
Gordillo et al. [8] at which they got the best Sn02:F films prepared by using HF. Also this 
solution was sprayed by the same method on glass substrates of the same dimensions as those 
used for the NH4F-films after cleaning them ultrasonically in methanol for the same period of 
time, The set of films prepared from this solution is called HF-films. 

To prepare CdS:In thin films a solution was prepared by taking 2.06 χ 10'2 moles of extra pure 
CdC-h-HiO (MERCK Art. 2011) and 2.24 χ l ( r moles of thiourea (NH2)2CS (>97% S) in 350 
ml of distilled water, indium chloride InCh (MERCK Art. 12471) was used as the source of 
indium. The ratio of the concentration of indium ions to that of cadmium ions in the solution 
([In*3]/[Cd*2]) which is approximately the same ratio of the corresponding atoms was 10"4. This 
ratio which was used as an indication of the doping ratio may differ from that in the films due to 
the dynamic nature of the spray pyrolysis. In-doped CdS thin films have been deposited onto the 
NHUF-fllms and HF-films prepared before at a substrate temperature Ts = 450 °C. The produced 
structures are denoted by NH4F-structures and HF-structures respectively. 

The spraying system used for film deposition has been described elsewhere [7]. The spray rate 
was usually in the range 15-18 ml/min. The optimum carrier gas pressure for this rate of solution 
flow was around 5 kg/cm2, where nitrogen was used as the carrier gas. The transmittance of the 
films was measured in the wavelength ranged = 290-UOOnm by using a double beam 
Shímadzu UV 1601 (PC) spectre-photometer with respect to a piece of glass similar to the 
substrates, X-ray diffraction measurements were made with a Philips Analytical Compact X-ray 
diffractometer system with Co anode material Κ«ι (λι = 1.78897Á) and Κά2 (λ2 = 1.79285Á). 
The surface morphology of the films was analyzed by a LEITZ-AMR 1000A scanning electron 
microscope. Energy dispersive X-ray analysis (EDAX) was performed for both types of SnC^iF 
films (the NH4F-films and the HF-films) by FEI Inspect F50. 
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Results and Discussion 

Structural Properties 

Fig.l shows the X-ray diffractograms of two Sn02:F/CdS:In structures prepared at a substrate 
temperature Ts = 450 °C. Fig.la is for NH4F-structures, Fig.lb is for HF-structures, and the 
thickness of the CdS:In layer is approximately the same in both structures which is about 0.50 
urn. The diffractograms show the crystallographic orientations of the hexagonal CdS:In, but it is 
not easy to recognize the lines characteristic of Sn02:F films which are weaker than those of 
CdS:In and sometimes overlapped with them. Table I contains the XRD data for the two films 
including the d value which is the distance between nearest neighbor (hkl) planes measured for 
the two cobalt anodes (ai = 1.78897 Á anda 2 = 1.79285 Á), intensity of the peaks and Miller 
indices. 

The comparison between the two diffractograms shows that first, the orientation of crystal 
growth is more ordered in Fig. lb. Second, the intensities of the lines (100), (102), (110), (103) 
and (112) in Fig.lb became smaller than their intensities in Fig.la. Third, the line C(lll)/(002) 
had grown and became the preferential orientation in Fig. lb, while the line (101) which was the 
preferential orientation in Fig. la became weaker. Fourth, the intensity of the peaks of positions 
2Θ < 23° that are related with the formation of complex compounds which decompose to CdS 
[17], had too much suppressed in Fig. lb. Finally, from table I it is noticed that the spacing d is 
always larger for the NH4F-structures, or in other words the whole spectrum was shifted towards 
smaller d values for the HF-structures. This behavior can be interpreted depending on the results 
of the compositional analysis taken for the SnC>2:F films by using ED AX measurements shown 
in table II. As the table shows the ratio of oxygen atoms to tin atoms in the HF-films is 1.96 
which is close to the stoichiometric ratio 2.0, but in the NH4F-films it is 8.47 which is far from 
the stoichiometric ratio. It is known that the ionic radius of tin is smaller than that of O2", so the 
larger density of oxygen ions enlarges the lattice and hence lattice parameters and spacing 
distance d, which is the case in the NH4F films. 

The grain size was calculated by using Scherrer formula and the line (101) in the XRD 
diffractograms. 

d = —— (4) 
DcosO 

where d is the grain size, λ is the X-ray wavelength used, D is the angular line width of the 
half-maximum intensity and Θ is the Bragg angle. It was about 26 nm for the NH4F-structures 
and 31 nm for the HF-structures. These values can be compared with the grain size of CdS:In 
thin films on glass substrates which is 29 nm at Ts = 460 °C [17]. 

Fig.2 depicts the SEM images of CdS:In deposited on a glass substrate (Fig.2a) and on the 
SnChiF substrates, which are the NH4F-films and HF-films (Fig.2b and c respectively). The 
difference in the morphology of the surfaces is apparent in the three cases, and it is obvious that 
the smallest grain size of CdS.In was obtained for CdS.In on the NH4F-films. The larger grain 
size in the case of the HF-structures may be due to the larger concentration of fluorine in the HF-
films relative to oxygen concentration. Gordillo et al. [8] concluded that the addition of HF leads 
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to a small increase of the growth rate of the Sn02:F films. On the contrary, the addition of NH4F 
results in a small decrease of the growth rate. 

t « * t » f t t * l 1 

*··»' 6 a -sri 

(a) 

(b) 

Figure 1. X-ray diffractograms of Sn02:F/CdS:In structures deposited at Ts = 450 °C by using 
the fluorine sources, a) NH4F. b) HF. 
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Table I. The XRD data of the NH4F-structures and HF-structures. 
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Figure 2. SEM images of: a) CdS:In on glass substrates at Ts = 460 °C [17]. b) NH4F-structures. 

c) HF-structures. 
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Table 11. The results of the EDAX analysis for the NH4F-films and the HF-films. 

Element 
0 
F 
Sn 

NH4F 
Norm.(wt%) 
88.47 ±28.4 

1.08 ±1.3 
10.44 ±5.0 

HF 
Norm.(wt%) 
65.62 ±21.5 

0.85 ±1.6 
33.52 ±13.2 

Optical Properties 

Fig.3 depicts the transmittance and absorbance of two NH4F-structures and two HF-structures. 
As Fig.3a shows, all of the films have approximately the same transmittance after λ >5\0nm, i.e. 
after the absorption edge of CdS. This is because the transmittance in this region is determined 
by the CdS:In layer. But before the absorption edge of CdS at A<510WM there are apparent 
differences. The transmittance of the NH4F-structures in this region is larger than that of the HF-
structures. This means that the absorbance of the HF-structures is higher in this region. Fig.3b 
confirms this expectation, where it is obvious that the absorbance of the HF-structures is larger 
than that of the NH4F-structures before the absorption edge of CdS. The higher absorption is due 
to the larger density of free charge carriers which are electrons in the case of Sn02:F. From table 
II it is seen that the NH4F-films are richer in oxygen and poorer in tin than the HF-fílms. This 
means that the density of the defects such as O', 01 and Sn deficiency is larger in the NH4F-
films, These defects reduce the density of free charge carriers (electrons) in the films. Although 
the NH4F-£Ums contain more fluorine than the HF-films and they have a higher doping ratio, 
where the doping ratio is the ratio of the concentration of fluorine ions to that of tin ions that is 
approximately the same as the ratio of the atoms [F]/[Sn], and it is 2.5% in the HF-films and 
10.34% in the NlfyF-films, but the ratio of the concentration of fluorine ions to that of oxygen 
ions which is approximately the same as that of the atoms is 13% for the HF-films, but 1.22% for 
the NH4F*films. It is known that fluorine replaces oxygen in the SnÜ2 lattice, and hence it 
increases the density of free electrons, 
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Figure 3. a) The transmittance curves of the SnChiF/CdSiIn structures, b) The absorbance curves 
of the Sn02;F/CdS:In structures. 
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Figure 4. The plot of the first derivative of the absorbance against the photon's energy of the 
Sn02:F/CdS:In structures. 

Fig.4 displays the first derivative of the absorbance against wavelength. The minima in the graph 
refer to the bandgap values. At least two minima are observed in the graph, one for CdS.In and 
the other for Sn02:F. The minima at about 500 nm refer to the bandgap of CdS:In which is about 
2.48 eV. As the figure shows the positions of these minima are approximately the same for the 
NH4F-structures and the HF-structures. But it is obvious that the minima are deeper in the case 
of the HF-structures, which means that the absorption edge is sharper. The other minima refer to 
the bandgap of Sn02:F which is about 4.17 eV. Also all of the films showed approximately the 
same positions of the minima and the minima are deeper and wider in the case of the HF-
structures. The width of the minima could be due to the distribution in the grain size in the 
Sn02:F films, where each size results in a certain minimum and the superposition of these 
minima produces the wide minimum that we have. Also it could be related to interdifíüsion on 
the junction and the formation of a solid solution of the form CdSxSni.x on the Sn02 side, i.e. 
diffusion of S towards Sn02:F. Wider minima with structure were found in the case of the HF-
structures which may mean more interdiftusion takes place for these films, which is better for the 
CdS/CdTe solar cells. 

Conclusions 

A comparison between Sn02:F/CdS:In structures prepared by the spray pyrolysis technique by 
using NH4F and HF as sources of fluorine was performed. XRD diffractograms revealed that the 
HF-structures have more ordered crystal growth and larger grain size than the NH4F-structures. 
SEM micrographs showed different morphologies and larger grain size for the HF-structures. 
EDAX analysis revealed that the NH4F-films are richer in oxygen and poorer in tin which 
reduces the density of free charge carriers. The transmittance of the HF- structures is smaller in 
the high energy region before the absorption edge of CdS due to stronger absorption. From the 
first derivative curves the bandgap energies of CdS:In and Sn02:F did not change, but the wide 
minima of Sn02:F may refer to interdiffusion on the Sn02:F side. The deeper minima in the case 
of HF-structures refer to sharper absorption edge. From these results it is found that HF is a 
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better fluorine source in the Sn02:F layer to be used as a forecontact in superstate CdS/CdTe 
solar cells. 
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Abstract 

Thin film multilayer anti-reflection coatings (SÍO2/SÍ/S1O2) having thicknesses 
286/571/143nm were deposited by RF magnetron sputtering deposition technique on 0.5mm 
thick Si(100)-substrates. Post-deposition annealing is also carried out in the temperature 
range 150-650°C for 4hr at the rate of 10°C /min. Si Optical window was designed at 4.2μπι 
wavelengths and correlated with modeling software. The films are transparent in the 3-5um 
band of the electromagnetic spectrum, firmly adhered to the substrate. The prepared 
multilayer thin films are characterized optically and structurally using a spectrophotometer, 
an atomic force microscope, x-ray diffraction and a scanning electron microscope. Optical 
and structural characterizations show that the %transmittance is between 60% and 75%, no 
appreciable change in crystal structure and roughness of coatings vary between 9 and 25 nm 
when annealed in the temperature range of 150-650°C. Local elemental characterization on 
the surface of the thin film was carried out using energy dispersive spectroscopy. The 
quantitative result of energy dispersive spectroscopy has also shown that the ratio of Si to O 
on the film is 0.67:1. 

Introduction 

S1O2 thin films have unique properties in the interfaces with Si and most studied materials in 
the field of microelectronics and optical devices [1]. Multilayer thin films are using nowadays 
in the design and fabrication of the shrinking systems with a variety of fields such as 
optoelectronic devices. The physical properties and parameters can be controlled at scales of 
microns down to nanometers by using RF magnetron sputtering system [2]. 

Silicon and Silicon dioxide are used as coating materials [3]. These thin films are laid on top 
of each other in SÍO2/SÍ/SÍO2 order by RF magnetron sputtering on top of a substrate as given 
in Table 1. 

Table 1 Design data for Si02/Si/Si02 
S.No. 

1 
2 
3 
4 

Material 

Substrate(Si) 
Si02 

Si 
Si02 

Physical thickness 
(nm) 

5x 105 

143 
571 
286 

Antireflection (AR) coating has significant role on optical and electro-optical applications 
[4, 5]. In some applications, these are required for the reduction of surface reflections. In 
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others, not only is the reflection reduced but transmittance is also increased considerably 
[5.6], 

This work was designed at 4.2μηι wavelength, prepared and characterized for non-quarter-
wave thick multilayer AR coatings based on low-high refractive indexes in the 3-5 urn bands 
and total thickness was determined by Fresnel equations [7] as given in equation 1 and 2. At 
4.2μπι wavelength, mainly carbon dioxide takes part in reducing the %transmittance [8]. 

n2AR Ä ns χ η ^ (1) 
d~Xo/(4nAR) (2) 

Experimental efforts are increasingly supported by computational software TFCAL [9] that 
address %transmittance versus wavelength in microns, saving time and cost. 

The films were subjected to post deposition annealing under various temperatures, 150-650°C. 
The furnace temperature was raised to above temperatures at a rate of 10°C/min and kept 
constant for 4hr then cooled for room temperature at a rate of 5°C/min. After annealing, we 
studied effects of annealing by the Fourier Transform Infrared Spectroscopy (FTIR), X-Ray 
Diffraction (XRD)S Scanning Electron Microscope (SEM), Energy Dispersive Spectroscopy 
(EDS) and Atomic Force Microscopy (AFM) characterization techniques. Results of 
combined experimental and theoretical are tailored. 

Design of Si/Si02 Thin Films 

The hybrid antireflective coating model was designed using thin film design TFCALC 
software to minimize the reflectance of a Si substrate in the wavelength range 3-5um. In 
TFCALC software, the illuminant, stored in the illuminant database, is given as a table of 
spectral intensity versus wavelength. The incident angle may vary from 0 to 89.999 degrees. 
The substrate and the incident and exit mediums are selected from the substrate database. The 
thickness of the substrate, which is considered a massive layer, may be specified. The 
materials that compose the front and back layers are selected from the Materials database (or 
from a name in the Variable Materials or Mixture Materials windows). Currently, there is a 
limit of 5000 layers. The optical properties of substrates and materials are stored as tables or 
dispersion formulas of complex refractive index (n-ik) versus wavelength. It is possible to 
specify which surface the light encounters first: Front or Back. That is, light can come from 
either side of the coating [10]. 

SiOa was used as the low index material, while high index material was Si as shown in Figure 
1 and their refractive indices were calculated by Sellmeiers dispersion equation [7, 10] is 
given in equation 3 and values of constants are given in Table 2. Alternate layers of Si and 
S1Ö2 were used to achieve the required spectral performance. Spectral performance of 
Antireflection Coating (ARC) design is shown in Figure 2. 

n2 - 1 - Αιλ2/ (tf-Ci2) + Α2λ2/ (12-C2
2) + Α3λ2/ (12-C3

2), [Ci, C2, C3 and λ] = [μηι] (3) 

Table 2 Paramefric values of Sellmeier equation 
S.No. 

1 
2 

Material 

Si02 

Si 

At 

0.696166 
10.668429 

A2 

0.407943 
0.00304347 

A3 

0.897480 
1.5413341 

Ci 

(um) 
0.068404 
0.30151648 

c2 
(um) 

0.116241 
1.1347511 

c3 
(urn) 

9.89616 
1104.0 
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Experimental details 

Sputtering System 
S1/SÍO2 films were deposited on silicon substrates by using RF magnetron sputtering 
deposition technique [10, 11]. The sputtering target was taken with diameter of 4 inches. The 
forward power Pf and the reflected power Pr used in the growth process were 2.74kW and 
0.16kW respectively, and the distance between the target and the substrate was 10cm. The 
sputtering chamber was evacuated to a pressure less than 5.0X10"4 Pa. Argon (99.999%) flow 
rate and oxygen (99.999%) flow rate and deposition rate for the individual layers are given in 
the Table 3. 

Table 3 Deposition rate, Argon flow rate and Oxygen flow rate for the individual layers 
S.No. Material Deposition rate Argon flow rate Oxygen flow rate 

(A/sec) (seem) (seem) 
Ύ S1O2 1.1 190 21 

2 Si 1.5 130 

SÍ/S1O2 thin films were firstly prepared on Si(100) substrates using RF magnetron sputtering 
system. Then the samples were annealed at different temperatures (150-650°C for 4hr) in 
oxygen ambient and their properties were investigated particularly as a function of annealing 
temperature. The microstructure, morphology and optical property of SÍ/S1O2 films were 
studied by XRD, AFM, UV/VIS/IR Spectrometer, EDS and SEM. 

Film ChimcterizatJQn 
The linear transmission spectra of the films were recorded on UV/VIS/IR Spectrometer (U-
3501, Hitachi) at room temperature in the 3-5 μπι regions. Structural analysis of the films and 
multilayered structures were determined by a SEM (JSM-6490A, Joel) and EDS. Prior to 
SEM, the samples were coated with a thin layer of gold to prevent charging of the specimens. 
The structure of the deposited S1/SÍO2 films was studied using XRD. A Siemens/Bruker D 8 
X-ray diffraction was used at the conditions "tube voltage 40kV, current 40mA and 
wavelength Cu Κα, λ*=0.154178ηιη". The 2Θ scan range is from 20° to 90°, step is 0.04 and 
scan speed is l°/min. 

The films morphology was investigated by AFM (JSPM5200, Jeol). It had a Si3N4 cantilever 
tip, operated in AC mode, with the cantilever frequency of 174.161 kHz, and force constant 
of L00N/m, respectively. The scans were performed in air. The images were acquired at 
512x512 pixels. 

Results and Discussion 

Structural Identification 
Film compositions were analyzed with EDS in the SEM. A 10 kV accelerating voltage and 
1.0 nA probe current was used in EDS. EDS results were shown for as-deposited and 
annealed at 650°C sample in the Figure 3(a) and 3(b) respectively. Atomic compositions were 
computed with the help of ZAF method [12] are shown in Figure 4, along with the Si/O ratio 
for all the films. With the exception of first four samples, the films appear close to 
stoichiometric with respect to O content and all films reveal no contamination of the samples 
by argon. 
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Fig.3. (b) EDS analysis of sample 650°C 

The significant effect of heat treatment on various properties of Si/Si02 coatings is due to the 
micro-structural changes during heat treatment. In order to study the crystallographic 
structure of Si/Si02 coatings as well as the effect of heat treatment on their microstructure 
was conducted as shown in Figure 5. A comparison of different structures was made by 
taking into consideration relative intensity and location of the peaks. The crystal structure 
was determined and lattice parameters a = 5.44 Á of the samples were calculated by using 
Bragg's equation at Θ = 69.1° and (hkl) = (100) as given in equation 4. Also Figure 5 
illustrates that the un-annealed and annealed samples (150-650°C for 4hr) are in 
polycrystalline structures and the peak with maximum relative intensity was that of substrate 
silicon. In addition, satellite peaks (or doublet or rocking curves) near at 69° degree shows 
unstrained from top layer to silicon substrate and also shows Kai and Κα2 radiation diffract at 
the same angle. 

Sin20/(h2 + k2 + l2) = X2/4a2 (4) 
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Film Surfaces and Roughness 
The comparison of film surfaces before and after heat treatment was made through SEM and 
spectrophotometer studies. From Figures 6(a) and 6(b), the film surface has no evident 
defaults such as small impurity, small holes and cracks before and after annealing at 650°C 
respectively and the cross-sectional morphology exhibits a uniform structure as shown in 
Figure 6(c). Whereas Figures 7(a) and 7(b) also shows that film surface has no defaults. From 
Figures 8(a) and 8(b), the surface of the film is composed of very uniform tiny "islands" with 
an average cluster size of approximately 9 to 25nm. RMS roughness of the samples is shown 
in Figure 9. Both of SEM and AFM observations indicate that films have columnar structure 
and the surface of the film is smooth and featureless. 

Fig.6. (a) Typical SEM image of the surface of the as-deposited sample 

Fig.6. (b) Typical SEM image of the surface of the annealed sample 650°C 
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Fig.6. (c) Typical SEM image of cross-sectional morphologies of the as-deposited sample 

Fig.7, (a) optical image of the surface of the as-deposited sample 

Flg.7, (b) Optical image of the surface of the annealed sample 650"C 
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Fig.8. (a) Three-dimensional AFM image of the as-deposited sample 

Fig.8. (b) Three-dimensional AFM image of the annealed sample 650°C 

Spectral Distribution of Si/SiO^Coatings Transmittance 
Annealing effects were seen by spectral distribution. An Average transmission of SÍ/S1O2 
coatings is achieved 75% in the 3-5μηι wave bands as shown in Figure 10. The figure shows 
that these films are transparent (T+R=l) in the 3-5 μπι wavelength range and also shows that 
blockage of transmission appears at 4.2μηι due to absorbance of carbon dioxide (CO2) except 
a sample which annealed at 650°C. 

335 



25 j 

20 

I 
f 10 

I 
5 

0 

- φ - As-deposited 

—©- Tt = 150*C 

\ L _ J T, = 350eC 

_ φ - T,«4S0*C 

,+,... T, = «0»C 

Sample 

Fig.9. RMS roughness of the as-deposited and annealed samples 

Fig.10. Measured transmission spectra for the as-deposited and annealed samples 

336 



Conclusions 

Multilayer thin-films of Si and Si02 are successfully prepared by RF magnetron sputter 
deposition. Annealed at 650°C generates smooth films as well as enhanced optical properties. 
The resulting models were helpful for determining the errors in deposition processes of each 
of the utilized deposition techniques, and this was the main goal. Thus, it has been found that 
the thicknesses of the coatings were controlled mainly within the expected accuracy. The 
main problem in deposition of the studied samples is control of the desired refractive index 
by means of better determination of deposition rate of high index material or by avoiding the 
undesired co-deposition when only the low index material is supposed to be deposited. 
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Abstract 

Thermoset polymers, like the polyester, become harder with increasing temperature owing to 
molecular crosslink formation, which is a thermal benefit for composite matrix applications. 
Natural lignocellulosic fibers, however, have low thermal resistance and tend to degrade with 
increasing temperature. Therefore, the combination of a lignocellulosic fiber, as reinforcement, 
with a thermoset polymer, as the matrix, results in a composite material with complex thermal 
behavior. In the present work, a thermal analysis was conducted on polyester composites with 
different amounts of coir fibers. Both TGA and DTG curves were analyzed to determine the 
effect of the coir fiber on the thermal resistance of the composites. It was found that the coir fiber 
sensibly affects the thermal behavior of the polyester matrix for fiber amounts above 10% in 
volume. This effect is associated with an increase in thermal degradation. 

Introduction 

In recent years, there has been an increase application of natural fibers as reinforcement of 
polymer matrix composites in several industrial sectors, with special participation in automobile 
components [1-3]. Figure 1 illustrates the different components of a modern BMW sedan that are 
fabricated with lignocellulosic reinforced polymer composites. 

Figure 1. BMW sedan and its different parts made of polymer composites reinforced with 
lignocellulosic fibers, (www.bmwgroup.com) 
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In fact, not only environmental benefits are motivating the substitution of natural fibers for glass 
fiber in polymer composites [4], but also technical, economical and societal advantages [5,6]. A 
number of reasons favor the use of natural fibers, mainly those obtained from cellulose-based 
vegetables, also known as lignocellulosic fibers such as cotton, flax, sisal, jute, hemp, wood, 
pineapple, to mention a few. Actually, it is estimated that more than 500 lignocellulosic fibers 
are known and have potential to be used in engineering applications. Most of these fibers are 
native of tropical regions in Africa, South Asia, Central and South Americas. The plant 
cultivation, extraction and processing of lignocellulosic fibers represent an important source of 
income for people and countries in these regions. 

In the Amazonian region, for instance, lignocellulosic fibers such as curaua, piassava, buriti, 
guarumä, tucumä and many others that have been for long time used in simple products like 
ropes, baskets, brooms and carpets, are recently being investigated as possible reinforcement for 
composites [7-9]. In particular, the coir fiber, Fig. 2, the lignocellulosic fibers, is at the present 
time extensively investigated for this purpose [10-21]. As any lignocellulosic fiber, however, the 
coir fiber is subjected to thermal degradation at temperatures around 280°C [22], which would 
impair the performance of a polymer composite subjected to such higher temperature. 

Araujo [22], working on coir fiber up to a fraction of 20% reinforcing both polyurethane and 
polypropylene composites, found by thermogravimetric analysis (TGA) and by its derivative 
thermogravimetry (DTG), two stages of composite decomposition between 300-380°C and 400-
440°C. Since a thermal analysis of coir fiber composites has not been performed thus far on 
thermoset polymer matrix, the objective of this work was to investigate the effect caused by 
different amounts of coir fibers on the thermal behavior of polyester matrix composites. 

Figure 2 - Plantation (a), manual processing (b) and bundle (c) of coir fibers. 

Experimental Procedure 

A lot of processed coir fibers was purchased from a Brazilian firm, "Coco Verde Reciclado", 
which commercializes lignocellulosic fibers cultivated in the many regions. From the as-received 
lot, one hundred fibers were separated for a statistic analysis of length and diameter as shown in 
Fig, 2. This figure reveals that the dimensions of the coir fibers as any other lignocellulosic fiber 
[4-6], are heterogeneous with a significant dispersion in values. 

Another relevant information from the histograms in Fig. 3 is that the average length of 846 mm 
is more than 15 times its critical length of 3 mm, obtained in epoxy pullout tests [20]. This is 
considered a condition for long and continuous fiber [23] and assures the most effective 
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strengthening of the matrix. Here it is important to mention that the statistical distribution in Fig. 
2 is similar to others recently reported on coir fibers [16,17] 
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Figure 3 - Histogram of the statistical distribution: (a) length and (b) diameter of coir fibers. 

Composites were fabricated by placing, separately, amounts of 0, 10, 20 and 30% in volume of 
continuous and aligned coir fibers inside a small cylindrical mold with 5.5 mm in diameter and 
20 mm in length. Still fluid commercial orthophtalic polyester resin added with 0.5% metyl-
ethyl-ketone hardener was poured into the mold to serve as the composite matrix. The 
composites were allowed to cure at 25°C for 24 hours. After removing each composite from its 
cylindrical mold, thin-cut discs with 2 mg in weight, corresponding to approximately 1 mm in 
thickness, were used as samples for thermal analysis. TGA and DTG analyses were conducted in 
a model 2910 TA instrument equipment shown in Fig. 4. 

Figure 4. Thermal analysis TGA and DTG equipment. 
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Results and Discussion 

Figure 5 shows both the TGA and DTG curves for the coir fiber reinforced polyester composites 
as well as the corresponding curves for the pure (0% fiber) polyester resin. 

120 η ■■ 1-1.2 

Figure 5. TGA and DTG curves for the pure polyester and the polyester composites reinforced 
with different volume fractions of coir fibers. 

The TGA and DTG curves shown in Fig. 5 reveal the thermal stability of the composites in terms 
of weight loss. In this figure, it is important to notice that the polyester used as matrix, 
corresponding to 0% fiber, begin to decompose around 300°C and finishes around 500°C. This is 
expected for this type of thermoset polymer in which thermal degradation starts with the 
evolution of volatile compounds followed by breaking and depolymerization of molecular chains 
[24]. It should also be noticed in Fig. 5 that, for both types of curves TGA and DTG, there is an 
apparent superposition of all investigated composites with respect to the pure polyester curves. In 
principle, this would indicate that, at least up to a volume fraction of 30%, no effect on the 
thermal behavior of the polyester composite could be attributed to the coir fibers. Such result is 
difficult to be explained since the coir fiber deteriorates at temperatures lower [22] than those, 
30Q»500°C, associated with the polyester matrix decomposition. 

A careful observation of the DTG curve, which is amplified in Fig. 6, reveals a sensible effect 
caused by the coir fiber. 
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Figure 6. Amplified DTG curves for the pure polyester and the polyester composites reinforced 
with different volume fractions of coir fibers. 

The effect of the coir fibers on the thermal behavior of the polyester composites can be detected 
by distortions caused in the DTG curve as compared to the pure polyester curve (0% fiber) 
around 370 and 390°C. These distortions are more pronounced the greater the volume fraction of 
coir fiber. 

A possible interpretation for this behavior can be apprehended if one considers that the actual 
curves for the composites are formed by three peaks. One peak is that corresponding to the pure 
polyester with a maximum around 410°C. The two other peaks around 370 and 390°C would 
correspond to the influence of the coir fiber degradation. 

The possibility of the coir fiber to contribute with two thermal degradation peaks was also 
reported by Araujo [22] in thermoplastic matrix composites. In that work, a better definition of 
the two peaks was facilitated by the decomposition of the matrix, which occurs through two 
thermal peaks. The reason for the two decomposition peaks in the coir fiber could be apparently 
related to the decomposition of cellulose and lignin as found in other natural lignocellulosic 
fibers [25]. For the particular case of coir fibers, it was concluded [14] that in oxidative 
atmosphere it is not possible to separate the different degradation processes of the fiber 
components such as hemicellulose, cellulose and lignin. Degradation reactions in the coir fiber 
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are complex and overlap in the range of 220 to 350°C [14]. This temperature range is lower than 
the peaks around 370 and 290°C, Fig. 6, suggested in the present work. However, the protection 
of the polyester matrix could be responsible for allowing the degradation of the coir fiber to 
begin at higher temperatures. 

Conclusions 

• A thermal analysis based on TGA and DTG curves revealed the effect of coir fibers 
incorporated up to a volume fraction of 30% into a polyester matrix composite. 

• The TGA curves of the composites fail to show any sensible difference to the pure polyester 
curve. By contrast, the DTG curves were able to reveal a noticeable effect caused by the coir 
fiber, as evidenced by distortions towards lower temperatures in comparison to the pure 
polyester curve. 

• It is suggested that these distortions are due to peaks around 370 and 390°C superimposed 
with the main polyester peak at 410°C. These coir fiber related peaks can be possibly 
attributed to the separate decomposition of cellulose and lignin in the fiber. 
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Abstract 

In this study, the rheology of liquid crystalline polymer (LCP) melts through simplified 2-D and 
3-D die geometries is simulated using Polyflow™. It is known that rheological properties of 
LCPs are close to long chain polymers and their directionality is close to those of small molecule 
liquid crystals (SMLCs). As a result, different rheological models (both viscoelastic and 
generalized Newtonian) for long chain polymers in Polyflow™ were investigated based on the 
available capillary rheometer data. By varying the parameters in these models, it is possible to 
adjust the effect of shear viscosity, normal stress differences and relaxations times on the 
rheology of the polymer. The free surface of the extrudate coming out of the die is simulated and 
the amount of die swell for different types of rheological models is compared. This study 
indicates that the Bird-Carreau model best applies to thermotropic LCP materials as quantified 
by die swell. Since the rheology of the LCPs affects the orientation of the crystals, the result of 
this simulation can be further used to predict the orientation of crystallines inside and outside the 
die. 

Introduction 

Any rod like molecule or crystal tends to orient itself in the direction of shear as it moves within 
a flow. Since polymers consist of long chains of molecules, they experience the same phenomena 
when flowing in the melt condition. For most polymers, the molecules change direction and 
distribute uniformly in space during the solidification. However due to the higher inertia of the 
crystals in the liquid crystalline polymers, the oriented crystals will keep their order during the 
solidification and as a result the final product will show anisotropy in material properties. 

This investigation focuses on the film casting of the liquid crystalline polymers and the rheology 
of these materials inside and outside of the die. 

Figure 1. The extrusion process including a casting roll 
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Figure 1 shows the extrusion process inside and outside the die. In this study, we investigate the 
domain of simulation that starts from inside the die and ends close to the casting roll. The major 
physical and simulation phenomenon that happens in this region are (a) boundary layer inside the 
die, (b) die swell at the lip of the die, (c) free surface and (d) the reduction in area of extrudate 
whenever the pulling velocity of the casting roll is more than the velocity of the extrudate. 

Numerical Method 

The commercial software used for the simulations is Polyflow™. Unlike most generic flow 
solvers (like FLUENT™) that use finite volume method [1], Polyflow™ uses a finite element 
scheme to solve the constitutive equations governing the rheology of materials inside and outside 
of the die. There are advantages and disadvantages to this method of numerical simulation and 
the way it has been implemented in Polyflow™ compared to the finite volume method and is 
described in Table 1. 

Table 1. Advantages and disadvantages of finite element simulation in Polyflow™ 

Advantages 
The accuracy of the solution is higher and for 
each cell it is possible to increase the 
accuracy. 

The values on the nodes of elements are 
readily known which makes it possible to 
change the shape of the cells according to 
physical changes in the domain. (Convenient 
for finding the shape of the free surface 
accurately.) 

Polyflow™ is optimized for polymer 
rheology and has a wide range of rheological 
models are available to choose from for 
different materials. 

Disadvantages 
It needs extreme amount of memory which 
makes it impossible to increase the number 
of cells depending on memory. 

Unlike FLUENT™, the method that 
Polyflow™ uses to solve the discretized 
equations does not allow users to control the 
convergence during the simulation. 

Polyflow™ has much less access points 
compared to FLUENT™ for defining user 
defined functions (UDFs) and it is harder and 
slower to customize it since it used language 
CLIPS for its UDFs. 

It is less stable than the Finite Volume 
Method (FVM) for flow simulations. 

For generating mesh, GAMBIT was used for all the simulations [1]. GAMBIT is the mesh 
generation software for FLUENT™[1] and is capable of exporting the generated mesh to 
Polyflow™. It offers a single interface for geometry creation and meshing. GAMBIT'S 
combination of CAD interoperability, geometry cleanup, decomposition and meshing tools 
results in one of the easiest, fastest and most straightforward preprocessing paths from CAD to 
quality CFD meshes. Special care has been taken to resolve the boundary layer and other high 
gradient regions like the lip of the die. Moreover, all the generated mesh for discretizing the flow 
domain is structured mesh. This type of mesh is useful especially when there is a free surface 
since some of the remeshing techniques in Polyflow™ need the mesh outside the die to be 
sliceable. 
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Rheological Models 

Since it is known that the rheology of the LCPs are close to long chain polymers and 
directionality of these materials are close to small molecule liquid crystals (SMLC), it is possible 
to use the rheological models used for long chain polymers and combine them with the theories 
that apply to SMLC[2]. 

There are a wide variety of rheological models available in Polyflow™. The simplest model 
which linearly relates the rate of deformation of the fluid at each point to the shear stress in all 
directions is the Newtonian model. Other models have more complicated relations between the 
physical and other material properties. It is also possible to define different relations and 
constants in different directions for anisotropic materials. Three different rheological models 
were investigated to compare the amount of die swell in different simulations. The first one is the 
Newtonian model with constant viscosity. Second model is the Power-Law model in which the 
viscosity is defined as: 

η = Κ(λγ)"-1 

(1) 

In this equation η is viscosity and γ is the local shear rate. K and n are consistency factor and 
power law index, respectively, λ is the natural time or the reciprocal of reference shear rate. 
Figure 2 shows the data from a capillary rheometer experiment used to determine the constants 
in this model. As can be seen, the capillary rheometer data can be approximated by a line when 
plotted on a log-log scale. 

£ 100 

♦ Capillary rheometer 

-Power Law 

100 1000 
Shear Rate (1/s) 

10000 100000 

Figure 2. Power-law behavior of an LCP material 

Table 2 shows the constants extracted from the capillary rheometer data. As can be seen in Table 
2, the maximum and minimum shear rates based on the capillary rheometer data are 1029 and 
14.4 Pa.s, respectively. The shear rates in the simulated extrusion processes are low compared to 
the information obtained from the capillary rheometer and for a more precise modeling of the 
rheology more data points in the low shear region are needed. The minimum shear rate is high as 
compared to the shear rate in the extrusion process. As such, it is better to define a viscosity for 
very low shear rates. Otherwise, the interpolation of viscosity versus shear rate increases 
indefinitely, which is not a physical phenomenon and causes the solution to diverge. This low 
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shear rate viscosity can be defined using the more advanced definitions of the Power-law model, 
such as the Bird-Carreau model which is shown in Table 3. 

Table 2. Power-Law model constants 

k (Pa.sn) 

1864 

n 

0.4651 

Max Viscosity (Pa.s) 

1029 

Min Viscosity (Pa.s) 

14.4 

Temperature 
(DC) 
350 

In the Bird-Carreau model, //0 is the viscosity of the material at zero shear-rate and ηχ is the 
viscosity at very high shear rates. In addition, one viscoelastic fluid model is also considered for 
comparison with Newtonian and Bird-Carreau models. The choice of this viscoelastic model is 
arbitrary and is only considered to compare the existence of normal stresses and their effect on 
the die swell. Here the Oldroyd-B model has been used as shown in Table 3. The various 
parameters in the Oldroyd-B model are defined elsewhere [3]. In this model, it is possible to 
consider the pure viscous component of extra stress tensor, T2. As such, use of the Oldroyd-B 
model results in a stable behavior during the numerical simulation. 

Table 3. Rheological models [3] 

Rheological Model 

Bird-Carreau 

Oldroyd-B 

| Correlation 

η^τι^η,-η^ + λΥΡ 
Τ^Τλ+Τ2 

- Δ ί + ν.(Γ1 + Γ 2 )+ / = ^ 
V.v = 0 

(2) 

(3) 

Results and Discussion 

The simulation in this study is divided into 3 main groups: 
1) 2D simulation of the flow inside and outside the die for die-swell observation. 
2) 2D simulation of the flow inside and outside the die with the effect of casting roll. 
3) 3D simulation of the flow inside and outside the die. 

The first model shown in Figure 3 is a 2-D cross section of a coat-hanger die which is taken from 
the middle section of a production die. As can be seen, the die swell observed for the viscoelastic 
material is much more than that predicted using the Newtonian or Bird-Carreau models. This 
difference comes from the absence of normal stress differences in the Newtonian and Bird-
Carreau models. The expansion of the extrudate after exiting the die lip when using the 
Newtonian and Bird-Carreau models is only due to the velocity gradient inside the die. However, 
in the case of viscoelastic fluid (Oldroyd-B model), shear stresses results in normal stresses that 
are released upon exiting the die and expand the extrudate more, it is known that thermotropic 
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liquid crystalline polymers (TLCPs) show very small die swell [4]. This indicates that the Bird-
Carreau model best applies to thermotropic LCP materials as quantified by die swell. 

The second sets of results are for the case where a force is applied at the end of the extrudate 
after it exits the die to account for the force that the casting roll applies to the extrudate. Figures 
4 and 5 show the velocity contours for Newtonian and Bird-Carreau models, respectively. As can 
be seen, the maximum velocity of the extrudate at the end of domain for Bird-Carreau model is 
slightly more than the case of Newtonian model. This difference seems to be as a result of shear 
thinning behavior of the Bird-Carreau model in presence of shear stresses. 

Figure 3. Geometry of 2D coat-hanger die and die-swell for Newtonian, 
Bird-Carreau and viscoelastic materials 

Figure 6 shows the local shear rate contour inside and outside the die. Local shear rate changes 
from zero to 14.48/s, and the maximum shear rate occurs at the lip of the die where the extrudate 
exits the die. 
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Figure 4. Effect of the casting roll on the 2D extrudate with Newtonian fluid model 

Figure 5. Effect of the casting roll on the 2D extrudate with Bird-Carreau model 

The rest of the simulations are done in 3-D incorporating the Bird-Carreau model. Considering 
the periodic boundary condition on the sides of the simulation domain makes it possible to model 
a section of an infinite die. Another aspect of this die is that two separate streams enter the die 
from the left and after mixing they exit the die as a single stream. 

In Figures 8 and 9 the effect of casting roll has been applied to the free part (end) of the extrudate 
and the velocity contours generated are shown inside and on the boundaries, respectively. The 
purpose of the two different streams of fluid at the inlet was to change the direction of the 
velocity coming into the die to simulate excessive warpage of the final product. However, the 
numerical solution always diverged when the exit velocity profile was not normal to the die lip 
surface, 
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Figure 6. Local shear rate inside and outside the die in presence of casting roll 
for Bird-Carreau model 

Figure 7. Velocity profiles inside and outside of the die in 3D simulation 

Conclusions 

The free surface of the extrudate coming out of the die is simulated and the amount of die swell 
for different types of rheological models is compared. This study indicates that the Bird-Carreau 
model best applies to thermotropic LCP materials as quantified by die swell. Since the rheology 
of the LCPs affects the orientation of the crystals, the result of this simulation can be further used 
to predict the orientation of crystallines inside and outside the die. 
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Figure 8. Velocity profile on a section of the die after applying the casting roll effect 

Figure 9, Contours of velocity on the 3D model with casting rolls 
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Abstract 
Natural fibers are currently gaining attention as reinforcement of polymer composites for 

uses in engineering parts for automobile and building construction. In spite of environmental, 
economical and societal advantages, the natural lignocellulosic fibers are not as uniform in their 
dimension and properties as compared to synthetic. In recent works it was found that the 
variation in strength could be correlate to the equivalent diameters for several lignocellulosic 
fibers including the sisal fibers. In the present work an investigation on a possible correlation of 
the equivalent diameter with changes in density and elastic modulus was carried out. Precise 
measurements of the equivalent diameter, conducted in a profile projector, were correlated with 
the density and the elastic modulus by means of the Weibull statistic analysis. The results 
showed that an inverse correlation with the diameter also applies for both the density and the 
elastic modulus with a high degree of precision. SEM observation of the sisal fiber in structure 
and fracture aspects strongly indicate that defects and microfibril participation could be 
responsible for the inverse correlation. 

Introduction 

According to Kalia [1], cellulose-based fibers are currently being pushed owing to their 
"green" image. Contrary to synthetic glass fiber, extensively used in our modern technology, 
these lignocellulosic fibers are renewable and can be incinerated at the end of the material's 
lifetime without adding pollution in the atmosphere moreover, the amount of CO2 released 
during incineration process is negligible as compared to the corresponding amount taken up by 
the plant throughout its lifetime. Even if an industrial processing equivalent of CO2 release is 
added, the lignocellulosic fiber is considered neutral with respect to the emission of gases 
responsible for the global warming [2]. 

A growing industrial use of lignocellulosic fibers is under way in packaging, textiles, 
civil construction and automobile. One of their promising applications is as reinforcement for 
polymer composites. In fact, a considerable number of publications [3-8] has been dedicated to 
lignocellulosic fiber reinforced polymer composites. In particular, applications in the automotive 
industry are already in the market [9-12]. In spite of the environmental benefits as well as 
economical, technical and social advantages of lignocellulosic fibers, they also present 
shortcomings such as dimensional heterogeneities and low interfacial adhesion to hydrophobic 
polymer normally used as composite matrix [3-7]. Another characteristic that may significantly 
affect the properties of the lignocellulosic fiber is a sensible influence of the transversal 
dimensions or associated cross section area [3]. In recent works [13,14] it has been shown that 
the tensile strength of several lignocellulosic fibers display an universe correlation with their 
equivalent diameter. This correlation was also applied to sisal fibers for which values close to 
1000 MPa were found for a mean equivalent diameter of 50 μιη. The mechanisms responsible 
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for this inverse correlation were indicated as due to the existence of proportionally more defects 
in thicker fibers that also present relatively more micro fibrils [14]. Based on theses experimental 
evidences, the present works investigates whether a possible correlations. Could also exists 
between the density and the tensile elastic modulus with the corresponding sisal fiber equivalent 
diameter. 

Experimental Procedure 

The sisal fibers were supplied by the Brazilian firm Sisalsul as a lot containing many 
thousands individual fibers. In a first moment, one hundred fibers were picked up from the as-
received lot for a dimensional analysis. After leaning and drying at 60°C in a stove for one hour, 
the fibers diameter were measured in a Nikon profile projector at five equally spared position 
along the fiber length. Two measurements were performed at each position by a 90° rotation, 
since the fibers are not perfect cylinders. The average of these measurements characterized the 
equivalent diameter of every evaluated fiber. Figure 1 presents the histogram associated with the 
statistical distribution of the equivalent diameters of the sisal fibers measured in the fibers step. 
In this 
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Figure 1: Statistical distribution of the equivalent diameter of the sisal fibers. 

figure it is observed that the range of equivalent diameter extends from 0.4 to 0.22 mm, with a 
mean value of 0,13mm. Based on this range, six intervals of 0.06-0.09, 0.09-0.12, 0.12-0.15, 
0.15-0.18, 0.18-0.21 and 1.21 -0.24mm, were conventionally consider as division for the 
histogram in Fig. 1. For each one of there six intervals, a total of 20 fibers were them selected in 
a second moment and, after leaning and drying, had their diameter measured in the profile 
projector following the same above mentioned procedure. The 120 measured fibers, 20 for each 
interval, were them individually weighed in a scale with 0.001g of precision. The density, p, of 
individual fibers vías them calculated by the expression 

p = 4mAcde (1) 

where m in the mass and de the fibers equivalent diameter. There fibers, in a third moment, were 
tensile tested at a temperature of 25 °C in a model 5582 Instron machine. Special tensile grips 
were used to avoid both slippage and damage of the fiber. The tensile test strain rate was 4,2x10" 
V1. Values of the elastic modulus were directly obtained from stress-strain curves. Both the 
density and elastic modulus values were statistically analyzed using the weibull method, used the 
computer program Weibull Analysis. The fracture tip of some tensile ruptured fibers were 
analyzed by scanning electron (SEM) microscopy in a model SSX-550 Shimadzu microscope 
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operating at an accelerating voltage of 15kV. The fiber sample was attached by means of a 
carbon tape onto a metallic support and then gold sputtered for SEM observation. 

Results and Discussion 

Tensile results permitted the evaluation of modulus of elasticity the tensile strength for 
every fiber investigated. These values of strength were analyzed by the Weibull statistic method, 
in each of the six diameter intervals. Figure 2 shows the logarithmic graphs of the reliability vs. 
location parameter, also known as the Weibull graphs. In this figure the graphs are unimodal 
with just one straight fitting for all points in the same diameter interval. This indicates that every 
sisal fiber related to each one of the six intervals belongs to a group with same mechanical 
behavior. 

Figure 2: Weibull graphs characteristic strength modulus of elasticity for the different intervals. 

Table 1 presents the values of the Weibull parameter associated with the statistical 
characteristic of each diameter interval. In this table, the parameter Θ in the statistical analysis of 
this work represents the most characteristic strength modulus of elasticity. The adjustment 
parameter R2 indicates the precision degree of the statistical analysis. 

Table 1: Weibull parameters the modulus of elasticity with the ranges in diameter from sisal 
fibers. 

Diameter 
Interval 
(mm) 

Weibull 
Modulus 

P 

Characteristic 
Strength 

Θ 

Precision 
Adjustment 

R2 

Average Tensile 
Strength 
(GPa) 

Statistical 1 
Deviation 

(GPa) 1 
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0.06-0.09 
0.09-0.12 

0.12-0.15 
0.15-0.18 
0.18-0.21 
0.21-0.24 

3.433 
3.313 
3.542 
5.423 
4.198 
4.845 

20.162 
19.041 
16.184 
15.372 
14.644 
9.835 

0.893 
0.963 
0.911 
0.905 
0.924 
0.927 

18.125 
17.086 
14.577 
14.181 
13.317 
9.014 

5.835 1 
5.682 
4.561 
3.015 
3.573 
2.125 

The variation of the characteristic strength modulus of elasticity with the fiber diameter, 
i.e., the mean value of the interval, is shown in Figure 3. In this figure there is a clear tendency 
for Θ to vary in an inverse way with respect to the fiber diameter. A physical consequence is that 
the thinner the fiber, the higher the characteristic strength modulus of elasticity. 

0,100 0,125 0,150 0,175 0,200 0,225 

D e m e t e r (mm) 

Figure 3: Variation of the characteristic stress with the mean diameter for each interval. 

The corresponding values of R2 in Table 1 statistically support the inverse correlation 
between Θ and d. This correlation can be mathematically described as the following hyperbolic 
equation for sisal fiber. 

9 = 8 . 4 3 / d - 0 . 9 7 
Another Weibull parameter of relevance is the average modulus of elasticity strength, 

am The interval of ¿f w and its deviation encompasses the corresponding values of Θ. In a 
normal distribution of strength modulus of elasticity, within a given diameter interval, the values 
of &m, Θ and the arithmetic average of the strength should coincide. 

Figure 4 plots am and deviations as a function of the diameter. In this figure, within the 
error bars, a hyperbolic inverse correlation can be adjusted between am (GPa) and d (mm): 

σ Μ = 7 . 9 1 / d - 0 . 8 4 
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Figure 4: Variation of the average strength modulus of elasticity with the mean diameter for each 
interval. 

By comparing Equation (1) and (2), it can be seen that both have very similar 
mathematical coefficients. It is then suggested that a hyperbolic type of equation is indeed the 
best statistical correlation between the sisal fiber strength modulus of elasticity and its diameter. 

Figure 5 shows the logarithmic graphs of the reliability vs. location parameter, also 
known as the Weibull graphs. In this figure the graphs are unimodal with just one straight fitting 
for all points in the same diameter interval. This indicates that every sisal fiber related to each 
one of the six intervals belongs to a group with same mechanical behavior. 
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Figure 5: Weibull graphs characteristic density for the different intervals. 

Table 2 presents the values of the Weibull parameter associated with the statistical 
characteristic of each diameter interval. In this table, the parameter Θ in the statistical analysis of 
this work represents the most characteristic density. The adjustment parameter R2 indicates the 
precision degree of the statistical analysis. 

Table 2: Weibull parameter of sisal in different diameter interval. 

Diameter 
Interval 
(mm) 

0.06-0.09 
0.09-0.12 
0.12-0.15 
0.15-0.18 
0.18-0.21 

1 0.21-0.24 

Weibull 
Modulus 

ß 
13.131 
9.462 
10.672 
11.962 
9.349 
10.18 

Characteristic 
Strength 

Θ 
1.269 
0.823 
0.964 
1.032 
0.795 
0.898 

Precision 
Adjustment 

R2 

0.956 
0.898 
0.853 
0.935 
0.944 
0.982 

Average Tensile 
Strength 
(g/cm3) 
1.283 
0.781 
0.920 
0.988 
0.754 
0.855 

Statistical 
Deviation 
<g/cm3) 
0.113 
0.099 
0.104 
0.100 
0.098 
0.101 

The variation of the characteristic density with the fiber diameter, i.e., the mean value of 
the interval, is shown in Figure 6. 

0,050 0,075 0,100 0,125 0,150 0,175 0,200 0,225 0,250 

Diameter (mm) 

Figure 6: Variation of the characteristic stress with the mean diameter for each interval. 

The corresponding values of R3 in Table 2 statistically support the inverse correlation 
between Θ and d. This correlation can be mathematically described as the following hyperbolic 
equation for sisal fiber, 

G = 0 . 6 8 5 / d - 0.036 
Another Weibull parameter of relevance is the average density, cfm. The interval of am 

and its deviation encompasses the corresponding values of Θ. In a normal distribution of density, 
within a given diameter interval, the values of ¿fm, Θ and the arithmetic average of the strength 
should coincide. 
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Figure 4 plots crm and deviations as a function of the diameter. In this figure, within the 
error bars, a hyperbolic inverse correlation can be adjusted between ¿f OT (g/cm3) and d (mm): 

σΜ=0.60/α-0.04 

0,050 0,075 0,100 0,125 0,150 0,175 0,200 0,225 0,250 

Diameter (mm) 

Figure 4: Variation of the average density with the mean diameter for each interval. 

Figure 5 shows SEM fractographs of the tip of tensile-ruptured sisal fibers with different 
diameters. It can be seen in this figure that the thinner fiber with d = 0.05 mm, Fig 5 (a), displays 
a fracture associated with lesser fibrils. By contrast, the thicker fiber, with d= 0.15 mm, Fig 5 (b), 
shows a heterogeneous fracture comprising relatively more fibrils. As a consequence, there is a 
higher statistical chance that the thicker sisal fiber would prematurely break at lower stress than 
the thinner one. 

Figure 5: SEM fractograph of tensile-ruptured tips of sisal fibers (a) thinner, d = 
(b) thicker, d = 0.15 mm. 

0.05 mm and 

Finally, with the goal of future employment in composites, one can improve the process 
through a preliminary selection dimensional fibers, to determine certain characteristics for a 
specific project. Obviously, the smaller diameter fibers should be chosen since they have better 
features. 
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Conclusions 

• The Weibull statistics could provide a good inverse correlation between modulus of 
elasticity and diameter of the fibers, i.e. fibers with diameters smaller bands showed 
greater ability to absorb energy before fracture, revealing itself to be best ribs 
materials subject to impact. 

• However, the low numerical value of the parameter ß and R2, with a high variance in 
resistance measurements indicated, could raise doubts about the correlation established 
in the workplace. 

• However, as seen, the greater uniformity of fiber fracture related to the bands thinner 
in diameter, visualized in the results (presence or absence of knurl) as in fractografia, 
reaffirms that the modulus is inversely proportional to the equivalent diameter. 
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Abstract 

Environmental considerations in addition to technical, economical and societal benefits are 
increasingly promoting the substitution of natural fibers for glass fiber in polymer matrix 
composites. However, natural fibers are heterogeneous in their dimensions, specially the cross 
section, which plays an important role in their mechanical strength. The fibers extracted from 
the petiole of the buriti palm tree is a relatively un known but promising natural fiber for 
composite reinforcement. In this work, a statistical analysis of the density of buriti petiole 
fibers using the Weibull methodology was performed. An attempt to correlate the fiber 
density with the diameter, precisely measured by means of a profile projector, was carried 
out. The results revealed an inverse dependence between the buriti petiole fiber diameter and 
corresponding density. Fracture tip observation by SEM suggested a possible mechanism that 
could justify this inverse correlation. 

INTRODUTION 

In the past decade polymer composites reinforced with natural fibers obtained from cellulose-
based plants, known as lignocellulosic fibers, have been applied in several engineering 
sectors, specially the automobile industry as both interior and outside component [1-4], 

Environmental benefits as well as economical, social, and technical advantages are actually 
promoting the substitution of these lignocellulosic for the traditional glass fiber in polymer 
matrix composites [5]. Today several lignocellulosic fiber are being extensively investigated 
[6-11] and considered for reinforcement of polymer composites. Some relatively unknown 
lignocellulosic fiber with reinforcement potential, however, still need to be characterized 
aiming at future application in composites. This is the case of the fibers stripped of from the 
petiole of the buriti palm tree, which is endemic in the central and northern regions of South 
America [12,13]. Preliminary works on the possibility of using the buriti petiole fibers as 
composite reinforcement, has shown favorable results [14,15]. 

Figure 1 shows the buriti palm tree {Mauritia flexuosa L.) and a bundle of it e petiole fibers. 
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Figure 1. The buriti palm tree (a) and bundle of petiole fibers (b). 

Several parts of the buriti palm tree, Fig 1(a), are traditionally used by the people from the 
Amazon region in Brazil as an abundant some of nuts for food and leaves for art crafts such as 
basket and hut roofing. The possibility of using its petiole fibers in engineering composites 
requires complete characterization of the fiber's physical and mechanical properties. One 
basic property that has not yet been investigated is the fiber density. Since the buriti petiole 
fiber, as any lignocellulosic fiber, is heterogeneous with variable diameters, the objective of 
this work to precisely evaluate its density. This was carried out by means of profile projector 
measurements followed by a statistical analysis using the Weibull method to the density with 
the corresponding fiber diameter. 

EXPERIMENTAL PROCEDURE 

The buriti petiole fibers were supplied by one of the co-authors of this work, Nubia S. S. 
Santos from her property in the state of Para, North of Brazil. These fibers, were initially 
leaned at 60°C for one how. No chemical treatment was applied to the fibers surface. 

From the as receiver lot of fibers, one hundred were randomly take for a statistical evaluations 
of the diameter. Each fibers was measured in five different positions along its length and then 
rotated by 90° for a second measurement, at the same positions, to obtain a mean value. The 
average of all measurements was taken as the equivalent diameter of that fiber. These 
measurements were performed in a Nikon profile projector with 0,01 mm of precision. 

Figure 2 shows the histogram for the distribution of buriti petiole fiber diameters. The range 
equivalent diameters found extended from 0.1 to 0.8 mm. Seven intervals of 0.1 were 
conventionally considered to construct the histogram. The overall average of equivalent 
diameter was calculated as 0.48mm. For each of the seven intervals of diameter that divided 
the histogram of Fig 2, a total of 20 fibers were then selected from the as received lot and had 
their diameters also measured in the profile projector, as above mentioned, in five locations 
equally distributed along the length with two measurement at the location separated by 90° 
rotation. 
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Figure 2. Histogram of the distribution of equivalent diameters of the buriti petiole fibers. 

Each of this 140 fibers was weighed in a scale with O.OOlg of precision. The density p of fiber 
was them calculated by 

p = 4m / πde (1) 

Where m is the mass and dg the fiber equivalent diameter. Tn order to investigate the effect of 
the microstructure, the tip of some tensile fractured samples were observed by scanning 
electron microscopy (SEM). 

The fibers were attached with an electrical conducting carbon tape to a metallic support to be 
gold sputtered then observed in model SSX-550 Shimadzu microscope operating at 15 kV. 

RESULTS AND DISCUSSION 

The experimentally calculated values for the buriti petiole fiber density, Eq (1), corresponding 
to the different intervals in the histogram in Fig (2) were analyzed by the Weibull statistic 
method using the computer program Weibull Analysis. This program was applied for the 
densities of the 20 fibers associated with each one of the seven intervals of equivalent 
diameter in Fig 2. The program generated the graphs shown in Fig (3), in this figure we 
should notice that all Weibull graphs are unimodal i.e. with just one fitting strength line. 

This is an evidence that all fibers in every one of the seven intervals of equivalent diameter of 
the histogram in Fig 2, display the same behavior. 

The Weibull Analysis program also provides the following parameters: characteristic density, 
Θ, Weibull modulus, ß, and statistical precision, R2, as well as the corresponding means 
density, p, and mean deviation, Δ, for every interval of equivalent diameter. The Figure 4 
shows the variation of the characteristic density with the mean fiber 
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Figure 3 Weibull graphs for the different intervals of equivalent diameter (mm) present in 
fig 2. 

Figure 4 presents the variation of the characteristic stress with the mean fiber diameter for 
each interval in the histogram of Fig. 2. In this figure, there is a clear tendency for the Weibull 
characteristic stress to vary in an inverse manner with the mean buriti fiber diameter. In other 
words, the thinner the fiber» the higher the characteristic stress. The corresponding values for 
the Weibull modulus, ß, and precision adjustment, R2, statistically support the inverse 
correlation between the characteristic stress, Θ, and the mean diameter, d. In fact, through a 
mathematical correlation, a hyperbolic equation (2) was found to fit the data in Fig. 4. 

Θ = 0.68/d - 0.09 (2) 
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Figure 4. Variation of the characteristic density with the mean diameter for each interval in 
Fig.2. 

In order to verify the physical significance of Eq. (2), the maxim density, Pm, calculated for 
the buriti fibers was plotted as a function of the means diameter in Fig. 5. In this figure, within 
the error bars associated with the standard deviations, an unequivocal hyperbolic inverse 
correlation also exists between JJm and d. 

6 = 0.95/d-0.63 (2) 
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Figure 5. Variation of the maxim density with the diameter for each interval in Fig.2. 
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Finally, the nature of the filamentous buriti fibers can also be responsible for the results in 
Figure 6 (a) and (b). The figure 6(a) shows the more thin fiber that present less defects and 
malformations, so common in lignocellulosic fibers, what can justify the higher density for 
the thinners fibers, but at the figure 6(b) the thicker fibers shown a heterogeneous surface 
comprising relatively more holes and gaps what can tell us why the lower density. 

Figura 6. SEM fractograph of tips of tensile-ruptured buriti fibers: (a) thinner, d = 0.2 mm and 
(b) thicker, d= 0.7 mm. 

Finally, it is worth mentioning that a hyperbolic correlation, Eq. (1) and (2) could in practice 
allow a selection of high density buriti fibers, with smaller diameters, to reinforce polymer 
composites with improved mechanical properties. 

Conclusions 

• A Weibull statistical analysis of density-tested buriti fibers revealed an inverse hyperbolic 
correlation between the ultimate density and the fiber diameter. 

» The density for the buriti fibers are inversely proportional to its diameter 
• The non-uniform microstructure of the fiber palm tree, composed of filaments with voids 

between the fibrils, apparently contributes to the occurrence of inversely relation in 
density. 
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Abstract 
Composite consisting of ethylene vinyl alcohol (EVOH) with short piassava fibers were prepared 
by extrusion process and their thermal and morphological behavior were investigated. The 
EVOH reinforced with 5 and 10 % of piassava {Attaleafimifera Mart) fiber particle, based on the 
percentage weight ratio (wt %), untreated and treated with a commercial silane coupling agent, 
were prepared and the influence of fiber loading and the effect of chemical treatment on their 
thermal and morphological behavior were evaluated by SEM, DSC and TG analyses. Melt flow 
index (MFI) of the composites have been determined to evaluate the effects of fiber 
reinforcement on dynamic viscoelastic melt of the EVOH. In addition, piassava fibers 
characterization by SEM, FTIR, and organic and inorganic composition have also been carried 
out. The SEM results of the composites showed surface micrographs without microvoids and a 
good distribution, dispersion and compatibility between the fillers and the EVOH matrix. 
Concerning the piassava fibers characterization, the results showed that piassava has higher 
lignin content than cellulose and hemicelluloses, and around 0.7 % of ash with 52 % of silica 
(Si02). This high concentration of silica is consistent with the SEM analysis of the fiber that 
showed a large amount of "silica rings" encrusted on their surface. 

Introduction 
Lately, great worldwide interest has arisen in developing new technologies that enable the use of 
products with less environmental impact. Effort has been put into seeking natural modifier 
applications, particularly regarding the use of natural fibers. Special attention has been given to 
the use of natural vegetable fibers, because of the huge variety of species available. Such 
vegetable fibers are usually referred to as lignocellulosic materials [l].This work evaluated the 
effects of piassava {Attalea funifera Mart.) fiber incorporation in an ethylene and vinyl alcohol 
copolymer (EVOH). The EVOH belongs to a family of copolymers with excellent gas barrier 
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properties and resistance to organic compounds, which allow its application in different 
segments, from food packaging to gas tanks. However, EVOH is very sensitive to moisture, and 
in conditions of high humidity its gas barrier properties, thermal and mechanical properties are 
affected, 
Piassava fiber, aim of this study, is a lignocellulosic stiff fiber extracted from the leaves of a 
palm tree occurring naturally at the Brazilian Atlantic rain forest. The production of piassava 
fibers is steadily increasing over the past years and the main use of these fibers is for industrial 
and domestic brooms, industrial brushes, ropes, baskets, carpets and roofs. It is estimated that 
around 20% of the fiber production is disregarded by the transformation industries. These 
leftover fibers, that do not meet the requirements for the uses cited above, are, however, 
undamaged and long enough to be used as reinforcement in fiber composites. The piassava fiber 
has a high lignin and silica content when compared to many other known lignocellulosic fibers. 
These may be responsible for its high flexural strength and low permeability to water. The fiber 
also presents an array of silicon rich star-like protrusions, which may help their mechanical 
interlock with resins when used as reinforcements in resin matrix composite materials [2]. In 
general, a shortcoming in the natural fiber-thermoplastic system is the poor bonding between 
the natural fiber and the plastic. This is due to a dissimilar chemical nature, once the surface of 
the natural fiber is usually hydrophilic while many plastics are generally hydrophobic. In order to 
develop composites with better mechanical properties, it is necessary to impart hydrophobicity to 
natural fibers by suitable treatments. The selection of proper coupling agents and even electron 
beam irradiation are important ways to improve fiber-matrix adhesion in order to produce 
composite materials with superior strength [3]. 

Experimental 

The materials used in this study were EVOH with 38% mol of ethylene (commercial grade by 
EVALCA), piassava residues that were discharged by industry and Z-6030 silane (y-
methacrylate propyl trimetoxi silane) as coupling agent. 

Preparation and Incorporation of Piassava Fiber in the EVOH Resin 
in order to eliminate impurities, the residues were washed and kept in distilled water for 24 h. 
The fiber was then dried at 80 ± 2 ° C for 24 h in a circulating air oven. Next, piassava fiber 
residues were scraped, washed and kept in distilled water for 24 h and again dried at 80 ± 2 ° C 
for 24 h in a circulating air oven. The resulting fibers were reduced to fine powder with particle 
size less than or equal to 125 μιη by using a ball mill. For fiber surface treatment, 1% of silane 
(percentage in weight) was dissolved in a methanol solution with acetic acid addition to adjust 
the solution pH to 3.5 with constant agitation for 10 minutes. The fibers were wet with this 
solution and after 6 hours they were dried at 80 ± 2 ° C for 24 h to reduce the moisture content to 
less than 2%. The EVOH/5% fiber composites and the EVOH/10% fiber composites were 
obtained by extrusion in twin screw ZSK 18 Megalab extruder machine by Coperion Werner & 
Pfleiderer GmbH & Co. KG. The compounded materials were passed through the different 
zones of the extruder and finally extruded. 

AMtofi» 
For mis work, thermal and morphological behaviors were evaluated by SEM, DSC and TG 
analyses. Melt flow index (MFI) of the composites has also been determined to evaluate the 
effects of fiber reinforcement on dynamic viscoelastic melt of the EVOH. In addition, piassava 
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fibers characterization by SEM, FTIR, and organic and inorganic composition have also been 
carried out. 
Scanning Electron Microscopy (SEM) .The scanning electron microscopy (SEM) analyses were 
carried out using a LX 30 (Philips).The samples were freeze-fractured under liquid nitrogen, and 
then the fractured surface was coated with a fine layer of gold and observed by scanning electron 
microscopy. 
Differential Scanning Calorimetrv (DSC) .The differential scanning calorimetry (DSC) analyses 
were carried out using a Mettler Toledo DSC 822e from 30 to 300°C at a heating rate of 5°C/min 
under nitrogen atmosphere. 
Thermogravimetric Analyses (TG).The thermogravimetric analyses (TG) were carried out using 
a SDT Q 600 by TA Instruments. TG analyses of the materials were performed on samples at a 
heating rate of 10 °C/min (in an oxygen atmosphere) with temperature ranging from 25 to 
600°C. 
Melt flow index (MFD measurements. The MFI measurements (190°C and 2.16Kg) were 
determined with a Microtest extruder plastometer [4]. 
Fourier transform infrared (FTIR) analysis. Treated fibers were analyzed using a Perkin-Elmer 
analyzer for FTIR spectroscopy. 
Fiber Chemical Component analysis-Organic Characterization. All samples analyzed were free 
from extractives and previously dried. For the determination of the lignin content, 1 g of fiber 
was placed in a test tube with sulfiiric acid (72 %) for 24 hours and then was hydrolyzed for 4 
hours. The insoluble lignin was then filtered and after drying the sample was weighed. The 
insoluble lignin content was calculated using equation 1 [5,6]. 

Wf 
Li = - f x 100 (1) 

Wi 
where: Li is the percentage of insoluble lignin; Wi is the initial weight of the sample and Wf is 
final weight of the sample. 

The soluble lignin evaluated was then in the obtained filtrate. Lignin concentration was 
determined using a UV/VIS - 1601 PC spectrophotometer (Shimadzu, Japan) evaluating the 
absorbance at 280 and 215 ηιη. The values obtained were calculated using the equation 2 [5,6]. 

4.53 x (A21S - Λ280) 
L S = - 300 (2> 

where: Ls is the concentration (g/L) of soluble lignin, A215 is absorbance value obtained at 
215 ηιη and A280 is absorbance value obtained at 280 Tjm. 

The amount of lignin in the sample is the sum of soluble and insoluble lignin. The cellulose 
content was determined by the extraction of this compound by reflux in a solution of nitric acid 
and acetic acid. After this process, the sample was washed with water and ethanol and then 
filtered. It was then dried in an oven until constant weight. The values were calculated using 
equation 3 [5,6]. 

C = ^ x l 0 0 (3) 
Wi 

where: C is the percentage of cellulose, Wi is the initial weight of the sample and Wf is the final 
weight of the sample. 

The amount of hemicellulose in the sample was obtained by the difference in the total amount of 
the sample (100 %) minus the sum of the others compounds in the fiber. 
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Fiber Chemical Component analysis-Inorganic Characterization. Inorganic components were 
determined by wavelength dispersive X-ray fluorescence (WDXRF) using a Rigaku RIX 3000 
analyzer. 

Results and Discussion 
Scanning Electron Microscopy (SEM) 
SEM micrographs of EVOH and EVOH/fiber composites with 5 and 10% of piassava fibers 
are shown in Figures 1, 2 and 3. Figure 1 shows the micrographs of EVOH surface and the 
treated and non-treated piassava fibers. Figures 2 and 3 show the composite surface 
micrographs, Comparing Figure 1(A) with Figures 2 and 3 , it can be seen that there is no 
important differences on the EVOH macromolecular arrangement when non-treated piassava 
fiber or treated piassava fiber are incorporated. The four composites appear to present a smooth 
surface and good interfacial adhesion between phases. 

Figure 1. Scanning Electron Microscopy (SEM) surfaces micrographs of EVOH and piassava 
fibers. Figure 1(A) EVOH; Figure 1(B) piassava fiber; Figure 1(C) piassava treated fiber. 

Figure 2. Scanning Electron Microscopy (SEM) surfaces micrographs of EVOH/piassava 
composites. Figure 2(A) EVOH/Piassava 5 %; Figure 2(B) EVOH/Piassava 10 %. 
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Figure 3. Scanning Electron Microscopy (SEM) surfaces micrographs for EVOH/treated 
piassava composites. Figure 3(A) EVOH/treated piassava 5 %; Figure 2(B) EVOH/treated 
piassava 10 %; 

Differential Scanning Calorimetrv (DSC) 
The results of the DSC analysis for fusion enthalpy (AHm) of the EVOH and EVOH/piassava 
composites with 5 and 10% of piassava fiber are presented in Table I. The results presented in 
Table 1 represent the average values calculated from the data obtained by DSC analysis. 
Crystallinity was calculated from melting peak area information. The percentage of crystallinity 
(X%) in each material was calculated by the equation 4. 

where: AHm is the melting enthalpy of the EVOH or EVOH/Piassava sample; AH°m is the initial 
melting enthalpy of 169,2 J/g for the EVOH sample assuming 100% crystallinity, for EVOH 
38% ethylene 

Table I. Resu 
DSC analysis 

Tm(°C)(a) 

AHm(J/g)(b) 

X(%ko 

Its of melting temperature, enthalpy and crystallinity percentage obtained by 

EVOH C5%id) C10%ie) C5%Tm C10%Tifi) 

158,0±0,7 156,5±0,4 152,6±0,3 155,8±0,3 152,4±0,4 
73,8±5,2 83,3±2,3 72,01±2,86 73,6±1,0 74,61±1,7 

43,63 49,21 42,46 43,50 44,10 
(a) Melting temperature ; (b) fusion enthalpy ; (c) calculated crystallinity in percent; (d) 
Composite EVOH/5%fiber; (e) , Composite EVOH/10%fiber; (f) Composite 
EVOH/5%treated fiber; (g) Composite EVOH/10% treated fiber. 

The results of the crystallinity presented in Table I indicate that the addition of non-treated or 
treated piassava fiber in the EVOH allows the production of a composite with similar 
crystallinity of the pure EVOH. These results are consistent with the micrographs shown in 
Figure 1 where no morphological changes can be detected when the pure EVOH surface and the 
composites surfaces are compared. Only the composite of EVOH with 5 % of non-treated 
piassava fiber present an increase of 13 % in crystallinity, while crystallinity variation is less 
than 3 % for all other composites. 

Thermogravimetric Analyses (TG) 
The results of the thermogravimetric analyses (TG) are presented in Table II. 

377 



Table II. The onset temperature of thermal degradation of the pure EVOH and the 
EVOH/Piassava composites 

Material 

EVOH 
C5%(.) 

C l O ' / o ^ 

Onset 
temperature (°C) 

Material 

306,2±4,4 
304,9±3,4 
296,5±1,9 

C5%T(C) 
C10%T(d) 

Onset 
temperature (°C) 

297,1±2,1 
294,3±3,2 

(a) Composite EVOH/5%fiber; (b) Composite EVOH/10%fiber; (c) Composite 
EVOH/5%treated fiber; (d) Composite EVOH/10% treated fiber. 

Results indicate that the addition of piassava treated fibers to the EVOH tends to reduce the 
thermal stability of the material. The average onset temperatures of thermal degradation of the 
pure EVOH and the EVOH/Piassava composites indicate a decrease of 0.4 % for the EVOH/5 % 
treated fiber composite , 3.0 % for the EVOH/5 % fiber composite , 2.6 % for the EVOH/5 % 
treated fiber composite and 3.5 % for the EVOH/5 % treated fiber composite . 

Melt flow index (MFD measurements 
The results of MFI measurements at 190 °C/2.16 Kg for pure EVOH was 2.63 g/10 min and for 
EVOH/Piassava 5 % and 10 % were 3.43 g/10 min and 2.59 g/10 min, respectively and for 
treated fiber composites were, 3.04 g/10 min and 2.82 g/10 min, respectively. These results 
shows that the incorporation of 5 % of piassava fibers promoted increases up to 30 % in MFI 
when compared with the pure EVOH. These results indicate that fiber addition affects the 
dynamic viscoelastic melting of resin. 

Fourier transform infrared (FTIR) analysis 
The treated piassava fiber spectrum indicated that it is not possible to confirm the incorporation 
of the silane coupling agent in the piassava fibers once additional transmission bands (-Si-O-C) 
at 1090 cm'1 were not present in the spectra that were obtained. Results are shown in figure 4. 

7 

Γ^-^} Piassava fiber 
;—'—-Treatedpiassava fiber 

400Ö 3500 3000 2500 2000 1500 1000 

Figure 4. FTIR spectra of original and treated piassava fiber. 
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Fiber Chemical Component analysis-Organic composition 
Table III presents the results of the piassava fiber organic composition analysis. It also brings 
results from the literature for comparison. 

Table III. The organic composition of the piassava fiber 

Content of extractives (%) 
Hemicellulose (%) 
Cellulose (%) 
Lignin (%) 

Literature [7] 
-

11 
29 
45 

Values Obtained 
17.20 
13.25 
26.81 
42.74 

As it can be seen in Table III, the major component is lignin, followed by cellulose and 
hemicellulose. The results obtained are also in accordance with those found in the literature. For 
all values obtained, the standard deviations were below 1%. 

Inorganic composition 
Piassava fiber was analyzed by means of wavelength dispersive x-ray fluorescence (WDXRF). 
Table IV presents each component found in the piassava fiber and their amount in μg/g of 
analyzed sample. 

Table IV. Inorganic components of the piassava fiber 
Component 

Si02 
CaO 
S03 
MgO 
P205 

H£/g 
3670±100 
968±50 
675±50 
299±30 
271±30 

Component 
A1203 
Na20 

Cl 
K20 

Fe203 

U2/g 
253±30 
232±30 
205±20 
186±20 
177±20 

Component 
PbO 
NiO 
CuO 
ZnO 

Jifi/g 
23±10 
19±10 
14±10 
<10 

Results indicate 0.7 % of inorganic components with a high content of silica. Figure 5 shows a 
micrograph of the piassava fiber studied in which an array of silicon rich star-like protrusions 
can be seen. 

Figure 5. Micrograph of a piassava fiber 
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Conclusions 
The piassava addition resulted mostly in a composite with small gain in crystallinity when 
compared to the pure EVOH material. Results indicated that fiber addition affects the dynamic 
viscoelastic melting of the EVOH resin. Micrographs revealed dense and compact cryofractured 
surface morphologies. Both the pure EVOH and the composites exhibit smooth surfaces. 
Besides, it was possible to detect, for the studied piassava fiber, the array of silicon rich star-like 
protrusions by means of SEM. Considering that the burning of piassava fibers result in an 
amount of 0.7 % of ashes, basically inorganic compounds, and considering that inorganic 
analysis showed that for each gram of piassava the total of S1O2 is 0,0037mg, it can be 
concluded that S1O2 corresponds to over 52 % of piassava fiber ashes. Results also showed that 
there was no evidence that the silane coupling agent was able to treat and modify the fiber 
surface so that the resulting composite would have enhanced properties when compared to the 
non-treated fiber composite. Ail these results are very important as they can lead to obtaining 
materials with better properties. 
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Abstract 

A natural banana fiber extracted from the plant pseudostem has shown values of density and 
mechanical strength with potential for uses in engineering applications such as automobile interior 
parts and floating components. Moreover, natural fibers can also be used as insulating materials in 
packaging and building panels. In this case some thermal properties are required. Therefore, the 
objective of this work was to evaluate the thermal behavior of the banana fiber by means of TGA, 
DTG and DSC analysis. The TGA curves revealed weight loss related to release of humidity and 
molecular structure decomposition. Peaks in the DTG curves indicated two intervals in temperature 
associated with different decomposition processes. The only endothermic DSC peak found was 
attributed to the lignocellulosic water of hydration being lost around 121°C. 

Introduction 

In recent times, environmental aspects related not only to pollution caused by non-degradable 
synthetic leftovers, specially polymeric wastes, but also to climate changes as a consequence of 
industrial activities, are motivating the use of natural materials. A particular case is fibrous 
composites, like the fiber grass composites. These synthetic materials, made from non-renewable 
polymers, are practically non-degradable and contribute to global warming by the CO2 emission 
associated with the energy required for the fabrication process. In spite of these environmental 
shortcomings, fiber materials are essential for the production of many items such as insulating 
chests, automobile cushion, construction panels, etc. An environmentally correct alternative to 
replace synthetic fibers composites is the naturally existing ones extracted from plants such as 
ramie and sisal. These have some environmental advantages of being renewable and degradable, 
these banana plant provide a negative contribution to CO2 emission by absorbing greenhouse gas 
during the plant lifecycle. Banana fibers have been used since long time in simple items such as 
ropes and rugs. Today they are used in engineering applications related insulation in building panels 
[2] and finish parts in automobile interior components [3]. 

In Brazil, the banana fiber obtained from the plant leaf is being used as a great substitute for 
synthetic polymer composites. A recent work [4] on the characterization of the banana fiber has 
shown its potential as a new engineering material with a density range that goes from 0,5g/cm3 to 
4,5g/cm3. This banana fiber could be used in reinforcement systems. Moreover, by its mechanical 
properties of strength and rupture, the banana fiber could be applied as reinforcement and insulation 
material. However, the thermal behavior of the banana fiber has not yet been evaluated. Therefore, 
the objective of this work was to conduct thermal gravimetric analysis, TGA and its derívate, DTG 
as well as differential scanning calorimetry, DSC, measurements up to a temperature associated 
with the degradation of this natural fiber. 
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Experimental Procedure 

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

Figure 1. typical banana plant, the pseudostem with average diameter of 15-30 cm, the sun-dried for 
a week and the group of fibers after the defibrillation. 

Samples of the banana fiber were prepared, for the thermal behavior characterization by TGA/DTG 
and DSC. The TGA/DTG analysis was carried out in a model 2910 TA Instrument, Fig. 2(a), 
equipment operating at a heating rate of 10°C/min in the interval of temperatures from 25 to 800°C. 
This operation was conducted under nitrogen and oxygen atmospheres. Thin discs with 2 mg in 
weight, corresponding to approximately 1 mm in thickness, were used as sample for the TGA/DTG 
analysis. 

The DSC analysis was carried out in a model 2010 TA Instrument, Fig. 2(b), equipment operating 
from 25 to 250°C. For this particular analysis a 15 mg sample of banana fiber was placed inside a 
tight-closed aluminum container. 

Figure 2 - Thermal analysis equipments: (a) TGA/DTG, and (b) DSC 
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Results and Discussion 

The thermal stability of the banana fiber measured by the loss in weight through TGA performed 
with increasing temperature under oxygen (O2) is shown in Fig. 3. In this figure it should be noticed 
that after a small initial drop in weight from 25 to 75°C, the curve remain constant up to 
approximately 220°C, characterizing a first constant stage. This initial drop in weight for natural 
materials is normally attributed to the release of water related to the humidity absorbed on the 
surface of a hydrophilic lignocellulosic structure [5]. After the first constant stage, a sharp decrease 
in weight then occurs until approximately 400°C. This sharp decrease can be associated with the 
decomposition of the banana fiber lignocellulosic structure by rupture of its macromolecular chains 
[5]. With increasing temperature, a second constant stage in both TGA curves, Fig. 3, exists up to 
the limit of 800°C established for the analysis. 

Even though 200°C was indicated as the approximate end of the first constant stage in TGA curves, 
the onset of the banana fiber structure decomposition was determined by means of a formal 
procedure. The intercept of the horizontal extension of the first constant stage with the straight line, 
at the inflexion point, corresponding to the sharp decrease gives the onset of the structure 
decomposition. As shown in Fig. 3, this onset occurs at the relatively close temperatures of 300°C 
for TGA. 

The end of the banana fiber structure decomposition process can also be determined using a similar 
procedure. This was done by considering the intercept of the same straight line tangent at the 
inflexion point of the sharp decrease with the second stage horizontal line. In this case, the 
decomposition ends at 379°C for TGA. Here a relevant aspect to be noted is the different levels for 
the second constant stage, Fig. 3, depending on the atmosphere of the thermogravimetric analysis. 
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Figure 3. TGA curves to the banana fiber. 

TGA curve at Fig. 3 shows the important levels of weight loss associated with events occurring to 
the banana fiber thermal degradation. The small first drop in weight due to the loss of absorbed 
humidity is relatively close, 11,4%. This result together with the close decomposition onset 
temperatures, Fig. 3, indicates that the initial release of humidity is not affected by the existent 
atmosphere. By contrast, the sensible differences in weight loss during the structure decomposition, 
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6Ö>3%» together with corresponding significant differences between the decomposition 
temperatures, Fig. 3, indicate an effect of the atmosphere. This will be better understood in 
conjunction with the DTG curves. 

The residual weight found at 825°C in the second stage, of 2,3%, corresponding to the thermal 
degradation in the banana fiber, can be interpreted as follows. However, the O2 reaction during the 
banana fiber decomposition apparently left a thermal stable residue, probably oxides that did not 
decompose up to 800°C. 

Figure 4 shows the DTG curves for the banana fiber under oxygen (O2) atmosphere. The first peaks 
at the same temperatures of 54,1 °C and same amplitude confirm that the release of humidity is not 
affected by the distinct atmospheres. 

The peaks corresponding to the maximum rate of banana fiber decomposition, 316,3°C in O2, 
indicate that oxygen induces a reaction with the banana fiber, causing a more effective degradation 
to occur at earlier temperatures. In fact the carbon and nitrogen that constitute the lignocellulosic 
structure of the banana fiber are expected to react with the oxygen releasing CO, CO2 and H2O. 
Additionally, other free elements in the structure, like Ca, K, Na, Fe, etc, may also react with the O2 
to form oxides associated with inert ashes. 

A relevant aspect of the larger peaks in Fig. 4 is their broadening observed in the left side as 
shoulders around 28Ö°C. This can be attributed to lower temperature peaks, apparently at 290°C 
that are concealed by the larger peaks. Lower temperature peaks indicate a complex thermal 
degradation process related to the rupture of molecular chains with different energy levels. 

Another feature in Fig. 4 is the existence of small peaks at 459,9°C for 0 2 atmosphere. This is 
apparently an indication of another effective loss of weight taking place at temperatures higher than 
that associated with the first peaks. In fact, the existence of two peaks in the DTG curve of a natural 
fiber and its polymer composite was reported [5,6] at similar intervals of temperature. The lower 
temperature peak was attributed to the decomposition of more rigid molecular segments while the 
higher temperature peak would be related to the decomposition of more flexible segments [6]. 

20 94 166 242 316 390 464 636 612 

Temperature (*C) 

Figure 4. DTG curves for the banana fiber. 
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Figure 5 shows the DSC curve for the banana fiber. In this figure an endothermic event occurs in 
the interval of temperature from approximately 25°C to 225°C with a peak at 127,9°C. It is 
suggested that the heat absorbed in this endothermic event, 135 J/g, could be related to the release 
of water associated with the hydration of the lignocellulosic structure of the banana fiber, before 
macromolecular chain degradation occurred. 

Finally, the thermal analysis performed in the banana fiber indicated that this natural material looses 
a relatively small amount of absorbed water up to 55,6°C. Its macromolecular chain structure 
begins the thermal degradation process around 225°C and, under an oxidizing atmosphere, leaves a 
solid residue of less than 10% of its total weight. These characteristics establish the limits for 
engineering applications of the banana fiber, especially as an insulating material. 

75 125 175 

Temperature (°C) 

Figure 5. The DSC curve for the banana fiber heated under N2 atmosphere. 

Conclusions 

The thermal behavior of a banana fiber analyzed by TGA, DTG and DSC revealed 
evidences of water loss and structural decomposition. Up to 75°C approximately 11,4% of 
humidity is released while the lignocellulosic water of hydration is lost around 12PC. 
Two events of structural decomposition displayed maximum weight loss associated with 
clear peaks at 316°C and 459°C, as well as apparently concealed peaks at 280°C, on oxygen 
atmosphere. 
Under oxygen, a constant amount around 9% of stable solid residue is formed as inert ashes 
from 400°C up to 825°C. This residue is composed of oxides from trace metals such as Ca, 
K, Na and Fe as contents of the banana fiber lignocellulosic structure. 
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Abstract 

The conventional fiber reinforced plastic does not participate in the plastic deformation or enter 
the large plastic deformation state during collision. On the other hand, sandwich structure allows 
more plastic deformation, which improves the energy absorption efficiency. The objective of this 
study is focused on the investigation of the crushing of sandwich structure made from sisal / coir 
/ bamboo/ glass fabrics as reinforcement and with polyester resin to form the composites skin 
and with polyurethane foam as the core. Experiments were conducted, showing that the 
underlying crushing mechanism of sandwich structures is very different from that of solid-
section thin-walled structures. When a sandwich is subjected to crushing, the core deforms in the 
shear mode and the face bends independently. The damage is through the width zone of crushed 
foam core accompanied by a residual crushing in the foam. It is shown that such damage causes 
a significant reduction of compressive strength. Results show that glass/polyester and 
bamboo/polyester skin based sandwich structures have superior compressive strength. Coir 
/polyester based sandwich structure come next to glass/polyester sandwich structures in this 
aspect which is then followed by Sisal /polyester based sandwich structures. 

Introduction 

Cellular polymeric foam sandwich structures are often employed in shock mitigating 
applications. The cellular polymeric foam has several favorable properties, such as, low density, 
relatively high strength-to weight ratio and a significant degree of crushability. This high 
crushability is the result of the large void ratio in such materials, which also facilitates the 
collapse of cell walls via bending and buckling [1]. A few feasibility studies on FRP sandwich 
panels show that the panels efficiently provided high mechanical performance for minimum 
weight [2]. 

Presently, there is an increasing demand for environmentally friendly materials with the desire to 
reduce the usage of conventional fibers such as carbon, glass and aramid fiber. Many 
researchers [3-8] have explored various natural fibers, where good mechanical strength was 
achieved. Natural fibers are low-density material, yielding relatively lightweight composites with 
high specific properties. It also offers significant cost advantages and benefits associated with 
processing when compared to synthetic fibers. Natural fibers have been used to reinforce 
traditional thermoplastic polymers in automotive applications [9]. The influence of surface 
treatments of natural fibers on the interfacial characteristics was also studied [10]. However, at 
present, natural fiber is limited only for fiber reinforced plastics laminates. For the construction 
of sandwich structure's skin, conventional glass fiber and carbon fiber are used. This study is 
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aimed at developing sandwich structural skin members made from natural fiber like sisal, coir 
and bamboo reinforced with polyester and tested for crushing behavior. The objective of this 
work, is therefore to conduct face-wise cyclic compression tests and to investigate the crushing 
behavior of polyurethane foam cored composite sandwich structures. 

Experimental 

The materials used in making the specimen beams were polyester resin, natural fibers (jute, 
bamboo and coir), E-glass fiber and polyurethane foam. The manually decorticated bamboo 
fibrous strips are dried off in the sun. These strips of fiber are removed from the culms contain 
tissues and gums. After decorticating, the dry fiber is extracted by means of a chemical process 
of decomposition called degumming, in which the gummy materials and the pectin are removed. 
The method of degumming was designed by Gangstad et al. and has been cited by Maiti 
[11].This has been taken as the basis for chemical extraction. The chemical extraction process 
yields about 33% of fiber on weight basis. The green components of the jute plants were dried in 
an electric oven at a temperature of 90 °C for 24 h and the weights of the components were 
measured with an electronic balance. The coir's were used in the same condition in which they 
were received from the factory. The raw coir fibers were washed 10 times with of tap water till 
the pH value of water reached [7], After a series of preliminary tests, it was found that 2 h of 
boiling in water was sufficient to reduce water soluble chemicals such as sugar, starch, fat, 
tannins, resin, quinines and phenols. Then coir fibers must then be washed with abundant tap 
water until the color of water became clear [12]. 

The natural fibers and the coupling agents are characterized as follows: 
1, Natural fibers are mechanically separated, industrially purified and alkalized using less than 

5%NaOH. 
2, Treated fiber are separated by steam explosion 

The sandwich specimens were then fabricated according to standard specifications. The primary 
chemicals used to produce the polyurethane foam were methylene di-isocyanate (MDI) and 
polyether polyol (PP). The specimen consists of laminates of glass fiber/polyester, jute/ 
polyester, bamboo/ polyester, coir/polyester and PUF as core. 

The procedure followed for fabricating the sandwich specimens are as follows: 

1. Calculated amount of MDI and PP liquids were taken in separate clean and dry glass cups 
to produce PU foam of density 0.8 gm/cc. 

2. Inner surface of the wooden die which was fabricated to suit the impact specimens was of 
the following dimension, 63.5mm x 12.5mm x 3 mm, and was covered with Teflon sheet. 

3. MDI and PP were mixed by vigorous mechanical stirring 
4. The mixture was poured into the die. 
5. The die was covered with a Teflon coated metal plate and a pressure of 0.5 MPa was 

applied, 
6. PU rigid foam was taken out of the die after curing for 20 minutes. 
7. Woven fabric was laid-up on the polyurethane foam core 
8. Polyester resin was laid up on each face of the fabric. The weight fraction specification is 

given in Table 1. 
9. The specimens were cured in hot press at a pressure of 0.5 MPa and 120 °C for 3 hours 
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Table 1 Material Composition of skin. 
Material Composition 

Glass /polyester 
composites 
Jute /polyester composites 
Bamb oo/p oly ester 
composite 
Coir/ polyester composites 

Weight Fraction (in %) 

Fiber 

65 

50 

50 

50 

Polyester Resin 

35 

50 

50 

50 

The fiber / resin ratio was taken as per Dhakal et al [13] 
and also natural fiber has porosity and hence it needs 
more resin comparing with glass fiber. 

Crushing (Lateral Compression) Tests 

Experimental study was conducted to investigate the physical phenomena of local damage and 
crushing in sandwich beams. The specimens for crushing tests were 100 mm x 100mm x50 mm. 
Crushing tests were conducted in an Instron Universal testing machine at cross-head 
displacement rate of 2 mm / min. To limit the overall bending, the sandwich beams were rested 
entirely on a steel plate. Load was applied through a steel plate as shown in Figure 1. The load is 
applied for all the specimen is up to 300 kg (uniform cross head).The deformation undergone by 
the sandwich is noted. Repeated crushing cycles are applied up to 10 cycles for all the 
specimens. In the result and discussion only two cycles of compression are given for clarity 
purpose. The following four types of specimens were used for crushing test for ten cycles: 
polyester / e-glass, polyester / bamboo, polyester / coir mat and polyester / sisal 
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Fig. 2 Cyclic compressive loading - Polyester / e-glass with double woven 
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Fig* 3 Cyclic compressive loading - Polyester / bamboo with double woven 
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Fig. 5 Cyclic compressive loading - Polyester / Sisal with double woven 

Results and Discussion 

Typical load-displacement curve sampled during the tests for e-glass/polyester, 
bamboo/polyester, coir/polyester and sisal /polyester is shown in Fig. 2, Fig. 3, Fig. 4 and Fig. 5 
respectively. Only two cycles of crushing data are given in the form of figures for clarity 
purpose. However, the overall performance, that is, the maximum deflections of these sandwich 
structures are given in Fig. 6. The load-displacement curve shows pure elastic response of a 
specimen at first cycles. Then the onset of core crushing occurs accompanied the following 
cycles by a progressive growth of a crushed core zone which is shown in Fig. 6. There is 
relatively high deflection of about 20-30 mm for sisal /polyester sandwich structures. The faces 
emit popping sound which presumably indicates microscopic failure of individual fibers in the 
vicinity of the contact with the steel plate. 

The crushed core zone was clearly observed during and after the crushing tests, since it had a 
specific appearance and color. An increase in the damage area caused substantial change in the 
crushing compression properties, namely the local squeeze buckling in the damaged zone 
followed by an instantaneous drop in the overall stiffiiess. 

The specimens were then subjected to compressive loads up to 0.56% of their compressive 
strength. The compressive behavior was similar, irrespective of the skin material, which shows 
that in lateral compression the specimens behave similar to that of parallel springs. The skin 
transfers full load on to the foam. Hence, the lateral crushing strength of the sandwich structures 
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depends on only the strength of the foam. Very little difference in results was observed in lateral 
compression, among the samples. This could mean, only interfacial strength contributes to the 
crushing resistance of the sandwich structures. 

in cyclic compression the structures absorb energy when compressive loads are applied and 
release energy when the loads are removed with a very small deformation. The experiments 
showed a small deformation in the initial cycles (up to 6 cycles) and no deformation in the 
subsequent cycles. The very large foam cells get fully damaged in the initial cycles of 
compression due to high air compression ratio and in the subsequent cycles, there will not be any 
effect of these large cells. The smaller cells act as dampers because of low air compression ratio. 
In compression the circular holes of PU foam become elliptical perpendicular to the axis of load. 
The compressive strain signature is non-linear due to the stiffening of the sandwich with an 
increase in compressive load. The deformation mechanism of foam is localized under-static 
compression conditions. They become even more localized and propagate through the material 
as crushing wave fronts which have some of the charactertics of waves [13-15]. 

Number of Cycle 

Fig. 6 Effect of number of cycles on deflection of sandwich structures at 300 kg force. 
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Conclusions 

The results of an extensive test program on crushing compression for the four types of sandwich 
structure specimens namely e-glass/polyester, bamboo/polyester, coir/polyester and sisal / 
polyester based sandwich structure are discussed. The particular focus was posed on the stability 
of the face sheets within the damaged zone. The main results can be outlined as follows: 

> The experimental study revealed that a typical damage consists of a sub-interface zone of 
crushed core and bend in the face sheet without delamination between foam and face sheets. 

> For one sandwich configuration subject to crushing loading, only core damage can be seen. 
This effect reduced considerably in face sheet. 

> The crushing occurred in the damage zone and was proved by the residual square in the core. 
This failure mode caused substantial increase in the compression deformation, that is, 
reduction in the compression load capacity and overall stiffness. 

> Of the four types of sandwich specimens' glass/polyester and bamboo/polyester exhibited 
highest crushing resistance and sisal /polyester exhibited the lowest crushing strength. 
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Abstract 

The ramie fiber is one of the strongest lignocellulosic fibers with applications ranging from 
simple items such as fabrics and ropes to engineering composites for automobile parts and 
building panels. Characterization of the ramie fiber has recently been conducted for physical and 
mechanical properties. In principle, thinner ramie fiber could be comparatively stronger and 
consequently more effective as a composite reinforcement. In this work an attempt to correlate 
the ramie fiber elastic modulus obtained in tensile test with its corresponding diameter, precisely 
measured by means of a profile projector, was carried out. Tensile results analyzed by the 
Weibull statistic showed a significant increase in elastic modulus with decreasing the diameter of 
ramie fiber. Scanning electron microscopy observation of the fracture of selected ruptured fiber 
revealed possible mechanisms that could justify the elastic modulus/diameter inverse 
dependence. 

Introduction 

Engineering applications of natural fibers obtained from cellulose-rich plants, also known as 
lignocellulosic fibers, are currently being the focus of attention. In fact, they are considered an 
environmentally correct alternative to substitute synthetic fibers such as the glass fiber, 
associated with an intensive intake of energy during production, as reinforcement of polymer 
composites [1-4]. In recent years there has been a growing tendency towards the use of 
lignocellulosic fiber composites in several industrial sectors from civil constructions to car 
making. In particular, the automotive industry is expanding the number of both interior and 
exterior components made of natural fiber composites [5]. 

Among the several lignocellulosic fibers investigated and already used as composite 
reinforcement, that extracted from the bast of the ramie plant (Boehmeha nivea) is one of the 
strongest with reported tensile strength values above lOOOMPa [6]. Figure 1 illustrates the ramie 
plant as well as a bundle of extracted fibers and a micrograph of the fibers surface. 
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Figure 1. Illustration of: (a) Ramie plant; (b) bundle of fibers; (c) fiber micrograph. 

In spite of imperfections and heterogeneities shown in Figure 1 (c), the ramie fiber has a special 
interest owing to the fact that its cellulose chain are much highly organized as compared to other 
natural fibers such as flex, jute and cotton [7]. 

Presently, the ramie plant, Figure 1 (a), is cultivated almost exclusively for fiber production. The 
ramie fiber is used mainly in the fabrication of textile, sackcloth, canvas and ropes. Moreover, 
due to its relatively high mechanical resistance, the cellulose obtained from the ramie fiber is 
partially used to produce the paper for currency bills. Other applications of the ramie fibers are 
related to reinforcement of fuel hoses, tires and parachute [8]. 

The properties of polymer composites reinforced with ramie fibers have been the subject of 
investigation [6, 9-11], In particular, it was found that the tensile strength of ramie fibers display 
an inverse correlation with its equivalent diameter [6]. Furthermore, polyester composites 
reinforced with 30% of the ramie fibers would reach flexural strengths close to 300MPa. 

Based on the inverse correlation between the tensile strength and the equivalent diameter of 
ramie fibers, the present work investigated the possibility of a similar correlation to apply for the 
elastic modulus of ramie fibers. By means of tensile tests and precise measurement of the fiber 
diameter, a statistical analysis was conducted to evaluate the ramie fiber elastic modulus 
dependence on the equivalent diameter. 

Experimental Procedure 

The ramie fibers investigate were supplied by a Brazilian firm, Sisalsul. From the as-received lot, 
one hundred fibers were randomly taken for a statistic dimensional analysis. Figure 2 presents 
the statistical distribution of the equivalent diameter measured by a profile projector along the 
fiber length in five distinct locations. 
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Figure 2. Statistical distribution of diameter of the ramie fibers. 

Based in the histogram of Figure 2, six diameter intervals were considered. For each interval in 
Fig. 2, 20 fibers were then selected, through profile projector measurements. All this 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. 

To complement this investigation, the fracture of some tested fibers were attached with carbon 
tape to a metallic support, gold sputtered and then observed by scanning electron microscopy, 
SEM, in a model a model SSX-550 Shimadzu microscope operating at an accelerating voltage of 
7-15kV. 

Results and Discussion 

The digital recorded data obtained from the Instron machine allowed construct representation 
load vs. elongation curves for each diameter interval, such as those presented in Fig. 3. In these 
curves, it should be noted that the load vs. elongation graphs present common characteristics. 
The indicates that the ramie fiber act as brittle material without any plastic extension after the 
elastic regimen. Moreover, most curves presents evidence of serrations that have been suggested 
to be associated with partial rupture of fibrils that compose a lignocellulosic fiber. It is worth 
mentioning that thinner fibers are composed of relatively lesser fibrils, which result in superior 
mechanical behavior. This fact will be further discussed in the present work. 
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Figure 3. Typical tensile load vs. diameter of ramie fibers for the distinct intervals in the 
histogram of Fig. 2. 

Table 1 present the Weibull parameter associated with the statistical characteristic of each 
diameter interval. In this table, the parameter o in the statistical analysis of this work represents 
the most characteristic tensile strength. The adjustment parameter R2 indicates the precision 
degree of the statistical analysis. 

Table 1. Weibull parameter the ramie fiber strength in different diameter interval. 
Diameter 
interval 

(mm) 

0.016-0*032 
0,032-0.048 
0.048-0.064 

1 0.064-0.080 

WeibuU 
Modnens 

ß 
2,739 
2,6 

2,121 
1,762 

Characteristic 
Strength 

Θ 
0,9486 
0,6577 
0,4181 
0,2255 

Prevision 
Adjustment 

R2 
0,9577 
0,8649 
0,957 
0,9728 

Mean tensile 
Strength 

(GPa) 
0,844 

0,5842 
0,3703 
0,2008 

Deviation 
(GPa) 

0,3328 
0,2413 
0,1836 
0,1177 
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0.080-0.096 

0.096-0,112 

1,93 
2,228 

0,1748 
0,1632 

0,8825 
0,9084 

0,155 
0,1445 

0,08369 1 
0,06857 1 

Tensile results such as the ones exemplified in Fig. 3 permitted the evaluation of tensile strength 
for every fiber investigated. These values were analyzed by the WeibuU statistic method, in each 
of six diameter intervals. Figure 4 shows the logarithmic graphs of the reliability vs. location 
parameter, also known as the WeibuU graphs. In this figure the graphs are unimodal with just one 
straight fitting for all points in the same diameter interval this indicates that the ramie fiber 
related to each one of the seven intervals belong to a group with same mechanical behavior. 
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Figure 4. WeibuU graphs for the different intervals in the histogram of Fig. 2. 

Figure 5 presents the variation of the characteristic modulus with the mean fiber diameter for 
each interval in the histogram of Fig. 2. In this figure, there is a clear tendency for the WeibuU 
characteristic modulus to vary in an inverse manner with the mean ramie fiber diameter. In other 
words, the thinner the fiber, the higher the characteristic stress. The corresponding values for the 
WeibuU modulus, β, and precision adjustment, R2, statistically support the inverse correlation 
between the characteristic modulus, Θ, and the mean diameter, d. In fact, through a mathematical 
correlation, a hyperbolic equation was found to fit the data in Fig. 5. 

9 = 0,02591/d- 0,08433 (1) 
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Figure 5. Variation of the characteristic elastic modulus with the mean diameter for each interval 
in Fig.2. 

Another Weibull parameter of relevance is the average elastic modulus, Em, calculated for the 
ramie fibers was plotted as a function of the means diameter in Fig. 6. In this figure, within the 
error bars associated with the standard deviations, an unequivocal hyperbolic inverse correlation 
also exists between £m and d. 

£ m - 0 > 0 2 3 0 7 / d - 0,07591 (2) 

S 
x 

T-i— 
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Figure 6. Variation of the average elastic modulus with the diameter for each interval in Fig.2. 

By comparing Eq (1) and (2), it can be seen that both have very similar mathematical 
coefficients. It is then suggested that a hyperbolic type of equation it is indeed the best statistical 
correlation between the ramie fiber tensile strength and its diameter. Similar results have recently 
been reported for curaua and sisal fibers [6]. 
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A SEM observation of the tip of tensile-ruptured ramie fibers, Fig. 7, provided additional 
evidence for the rupture mechanism related to the hyperbolic strength/diameter correlation. The 
fiber with smaller diameter, Fig 7(a) displays a more uniform fracture associated with lesser 
fibrils. By contrast, the fiber with larger diameter, Fig. 7(b), shows a heterogeneous fracture 
associated with more fibrils. These microstructure evidences indicate that there is a higher 
statistical chance that one of the many fibrils of the thicker ramie fiber, Fig. 7(b), could 
prematurely break and then nucleates the fiber rupture at a lower stress. Statistically, the many 
fibrils of a thicker ramie fiber tend to have one of them braking shortly during the application of 
a tensile load, as compared to the fewer fibrils of a thinner fiber. 

Figure 7. SEM fractograph of tips of tensile-ruptured ramie fibers: 
(a) thinner, d = 0.0183 mm and (b) thicker, d= 0,1097 mm 

Finally, it is worth mentioning that a hyperbolic correlation, Eq. (1) and (2) could in practice 
allow a selection of stronger ramie fibers, with smaller diameters, to reinforce polymer 
composites with improved mechanical properties. 

Conclusions 

• A Weibull statistical application to analyses of tensile strength revealed an inverse 
hyperbolic correlation with the equivalent diameter of ramie fibers 

• The experimental results obtained for both the elastic modulus characteristic as for the 
average maximum modulus, showed a hyperbolic equation with similar coefficients. 

• SEM observations showed that thicker fibers, consequently with more number of filaments, 
have a possible mechanism of premature rupture and still thinner fiber are considered 
strongest for reinforcement of composites with improved mechanical performance. 
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Abstract 

This work presents a comparative study of the thermo-mechanical and morphological properties 
of sugarcane bagasse fiber/HDPE composite treated with electron-beam and gamma radiation. 
The composite samples obtained by extrusion and injection molding processes were irradiated at 
50 and 90 kGy using either a 1.5 MeV electron beam accelerator or gamma irradiator EMI-9, at 
room temperature in presence of air. The irradiated and non-irradiated samples were submitted to 
mechanical and MFI tests, differential scanning calorimetry (DSC), thermogravimetric analysis 
(TGA), scanning electron microscopy (SEM), sol-gel analysis and X-Rays Diffraction (XRD) 
and the correlation between their properties was discussed. Improvement of the bagasse 
fiber/HDPE composite properties, using electron-beam or gamma radiation, was found. 

Introduction 

Residues of sugarcane bagasse fiber are widely produced in Latin America and other countries: 
in Southern Africa, Egypt, South-Eastem Asia, India, China, Australia, Cuba, among other 
producers, as by-products of the sugar and bioethanol industry. The sugarcane industry in Brazil 
and Uruguay is well established and expanding with large potential to increase the production of 
sugarcane bagasse in the next years [1-3]. Although the major portion of the bagasse is currently 
burnt for energy supply in the sugarcane industry, the disposal of this byproduct is still 
inefficient and, consequently, it is critical for agriculture profitability and environmental 
protection. Sugarcane bagasse is a lignocellulose fiber mainly constituted by around 46 % 
cellulose, containing hemicellulose, lignin, fat and waxes, silica and other elements [3, 4]. 
Studies have reported that sugarcane bagasse can be used to produce thermoplastic polymeric 
composites with excellent properties for many applications. [5-8]. Based on this survey, the 
transformation of bagasse into high quality industrial products, such as bagasse-polymer 
composites, can provide its more effective utilization. 

403 



High density polyethylene (HDPE) is a linear thermoplastic polymer widely used, presenting 
balanced mechanical properties, chemical resistance, impermeability to water, low cost and easy 
processing advantages [8-9] .The molecular weight, the molecular weight distribution and the 
amount of branching determine many of the mechanical and chemical properties of the end 
product, HDPE has been used with natural fibers to prepare composites with good performance 
[5-9]. A promising approach for the controllable modification of the polymer materials 
properties is based on ionizing radiation treatment. In general, the cross-linking and degradation 
processes occur, simultaneously, in amorphous regions of polymers as an effect of ionizing 
radiation. Cross-linking of HDPE into three-dimensional networks leads to improvement of 
properties such as tensile strength, chemical resistance and thermal characteristics [13]. 

Experimental 

The materials used in this study were HDPE resin (HDPE JV060U - commercial grade by 
Braskem S/A), with MFI * 6.4 g/10 min at 190 °C/2.16 Kg, specific density = 0.957 g/cm3 and 
sugarcane bagasse fiber from agro-industrial residues. 

Preparation of Sugarcane Bftga^se Fiber/HDPE Composite 
In order to remove the impurities, the sugarcane bagasse fiber residues were scraped, washed, 
and kept in distilled water for 24 h. The fiber was then dried at 80 ± 2 °C for 24 h in an air-
circulating oven. The dry fiber was reduced to fine powder, with particle sizes equal or smaller 
than 250 Mm, by using ball mills, and dried again at 80 ± 2 °C for 24 h to reduce the moisture 
content. The HDPE resin reinforced with 5.0 % (wt %) sugarcane bagasse fiber was obtained 
using an extrusion machine twin screw "extruder ZSK 18 Megalab" from Coperion Werner & 
Pfleiderer GmbH & Co. KG. The sugarcane bagasse fiber/HDPE composite was pelletized and 
fed into a "Sandreto 430/110" injection molding machine and specimen test samples were 
obtained. 

Sugarcane bagasse fiber/HDPE composite was irradiated at radiation dose of 50 kGy and 90 kGy 
using either a 1.5 MeV electron beam accelerator or gamma irradiator EMI-9, at room 
temperature, in the presence of air. Electron-beam irradiation was performed at Radiation 
Technology Center - CTR/IPEN-CNEN/SP, using an electrostatic accelerator (Dynamitron II, 
Radiation Dynamics Inc.), at dose rate 28.02 kGy/s, energy 1.007 MeV, beam current 5.65 mA 
and tray speed 6.72 m/min. Radiation doses were measured using cellulose triacetate film 
dosimeters, "CTA-FTR-125", from Fuji Photo Film Co. Ltd.. Gamma irradiation was performed 
at the Laboratorio Tecnológico del Uruguay, using a "EMI-9", gamma irradiator, dose rate 0.377 
KGy/min. Gamma radiation doses were measured using dosimeters type Red 4032 batch KN, 
from Harwell 

Assays 
Mechanical tests; the tensile tests were performed according to ASTM D 638, the flexura! tests 
were based on ASTM D 790 and the impact strength tests were based on ASTM D 256. 

MFI Measurements: the MFI was determined with a Microtest extruder plastometer (ASTM 
1238-04) in the conditions specified for HDPE; 
Sol-Gel Analysis; the gel content of the cross-linked samples was determined by extraction of 
the samples in boiling xylene for 24 hours using Soxhlet apparatus. This procedure was 
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performed with four weighed samples, 300 ± 1 0 mg, irradiated and non-irradiated materials. 
The extracted samples were dried in oven at 50 °C and weighed until showing constant weight. 
The gel content was calculated as it follows: 

<^I fraction <%) « ~ ^ - ~ · 100% (1) 
where: 
Wi = initial weight of the dried sample 
Wd = weight of the dried insoluble part of sample after extraction with xylene 
Differential Scanning Calorimetrv (DSC): the DSC analyses were carried out using a SDT Q 600 
(TA Instruments), on four weighed samples with 5.0 ± 0.5 mg of materials. Samples were heated 
from 25 to 300 °C, at a heating rate of 10 °C/min (in an oxygen atmosphere). The scans were 
taken from the second heating cycle to eliminate any thermal history of the samples. Crystallinity 
was calculated from melting peak areas. The percentage of crystallinity (Xc) in a composite 
material was calculated by the following equation: 

ÁHiD-tOO 

where: 
ΔΗ„ι* = melting enthalpy of the HDPE/Piassava sample 
AH°m = initial melting enthalpy of the HDPE assuming 100 % crystallinity, 290 J/g for HDPE 
W = polymer mass fraction in the composite 

Thermogravimetric Analyses (TG): the TG were carried out using a a SDT Q 600 (TA 
Instruments). TG analyses of the materials were performed on three weighed samples with 5.0 ± 
0.5 mg of the materials. Samples were heated from 25 to 600 °C, at a heating rate of 10 °C/min 
(in an oxygen atmosphere). 

X-ravs diffraction (XRD):X-rav diffraction was carried out using a diffractometer Rigaku Denki 
Co. Ltd., Multiflex model with CuKct radiation (λ = 1.5406 Á) at 40 kV and 20 mA, with 2Θ 
varying between 2° to 50°. 

Scanning Electron Microscopy (SEM): The scanning electron microscopy (SEM) analyses for 
cryo-fractured under liquid nitrogen samples of the HDPE and sugarcane bagasse fiber/HDPE 
composite were carried out using a LX 30 (Philips). The fractured surface of samples was coated 
with a fine layer of gold and observed by scanning electron microscopy. 

Statistical Analysis: The differences between the results of tests carried out were statistically 
evaluated by ANOVA using BioEstat software (version 5.0, 2007, Windows 95, Manaus, AM, 
Brazil). Significance was defined at p < 0.05. 

Results and Discussion 

Mechanical Tests Results 
These results of the mechanical tests presented show the average values calculated from the data 
obtained in tests. The standard deviations for results were less than 10 % for all tests. 

Figure 1 shows the results of the tensile strength at break and elongation at break (%) for non-
irradiated sugarcane bagasse fiber/HDPE composite (composite) and for both electron-beam 
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(EB) and gamma-rays irradiated composite. As seen in this figure there were a significant 
increase in tensile strength and a large reduction in elongation at break for both, electron-beam 
and gamma-rays irradiated composite. The tensile properties provide an excellent measure of the 
degree of cross-linking provided by radiation processing to the composites composite. The 
increasing trend in tensile strength and reduction in elongation indicates that the high cross-linking 
was formed due to irradiation process causing embrittlement to the composite in all cases. 

Figure I. Tensile strength at break and elongation at break (%) for the 
sugarcane bagasse fiber/HDPE composite. 

Figure 2 presents the results for flexural strength and flexural modulus tests. The results 
revealed that irradiation treatment had a significant effect on the flexural strength and 
modulus of composite. Fig. 2 shows a gain between 20 % and 30 % in flexural strength and 
between 35 % and 45 % in flexural modulus of composite due to electron-beam (EB) and 
gamma-rays treatment (p < 0,05). However, the results suggest higher flexural strength and 
modulus values for composite treated by gamma-rays than electron-beam at some radiation 
dose. 

mm 
Figure 2. Flexural strength and modulus for the sugarcane bagasse fiber/HDPE 
composite 
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The results of the average values obtained in the impact strength tests of sugarcane bagasse 
fiber/HDPE composite are presented in Fig. 3. As seen there was a significant decrease (p <0.05) 
between 8 % and 25 % in impact strength of irradiated of composite when compared with neat 
composite, except for gamma irradiated composite at 50 kGy. 

Figure 3. Impact strength for the sugarcane bagasse fiber/HDPE composite 

MFI Measurements. These MFI measurements results showed a tendency to a slight decrease in 
MFI of HDPE from MFI = 6.41 to MFI = 6.06 (g/10 min at 190 °C/2.16 Kg) because of bagasse 
fiber incorporation, suggesting that the addition of this fiber may affect the dynamic viscoelastic 
melt, since it could reduce molecular mobility and, consequently, the flow. Under the MFI test 
conditions, the irradiated composite did not show any flow and therefore, the MFI could not be 
determined. 
Sol-Gel Analvsis.The sol-gel analysis results are showed in Table 1. The gel content for electron-
beam irradiated composite increased with increase of radiation dose applied, while for 
composite treated with gamma-rays at 90 kGy the gel content was small than at 50 kGy. The 
extent of gel formation in the exposed samples is strongly dependent on the radiation dose and 
dose rate values. The higher gel content corresponds to a higher portion of the structural network 
formation in the amorphous region of the polymer that makes it insoluble in solvents. The sol 
content corresponds to the linear portion of the polymer in both amorphous and crystalline 
regions. These results showed that both electron-beam and gamma-rays irradiated composite 
predominantly undergo cross-linking. The smaller gel content for gamma irradiated composite at 
90 kGy than at 50 kGy suggest a higher influence of air due to slower dose rate values of 
gamma-rays in comparison with electron-beam dose rate. 
Differential Scanning Calorimetrv (DSC). The results of the DSC analysis for melting enthalpy, 
melting temperature and crystallinity percentage for the sugarcane bagasse fiber/HDPE 
composite, as a function of electron-beam and gamma-rays radiation dose are given in Table 1. As 
it can be seen, there were significant gradient decrease (p < 0.05) in melting enthalpy, melting 
temperature and crystallinity percentage of both, electron-beam and gamma irradiated composite 
when compared with non-irradiated composite. 
Thermogravimetric Analyses (TGYThe results of the thermogravimetric analyses (TG) are also 
presented in Table 1. The results showed a significant reduction (p < 0.05) in the onset degradation 
temperature for all irradiated composite, when compared with non-irradiated composite. With 
relation to weight loss, there was significant decrease, about 10 %, for irradiated composite, except to 
electron-beam irradiated composite at 90 kGy. These results suggests that electron-beam radiation 
treatment with dose smaller than 90 kGy and gamma-rays up to 90 kGy lead to the more thermal 
degradation of composite. 

407 



Table 1. Melting enthalpy, melting temperature, crystallinity percentage, onset 
degradation temperature, total weight loss and gel content for the composite 

Composite 
DOSE 

(kGy) 

ÄHm
c 

(J/g) 

Xcd 

(%) 

Tm
e 

(°C) 

Onset 
Tempf 

(°Q 

Weight 
Lossg 

(%) 

Gel 
Content 

(%) 
Non-irradiated 103.48 35.32 118.59 289.41 93.76 0.0 

Gamma11 50 80.43 27.45 114.00 270.51 94.03 70.16 

90 75.23 25.67 114.63 271.05 95.14 64.00 

EB* 
50 82.74 28.24 114.86 264.59 91.96 76.00 

90 79.33 27.08 115.63 281.74 92.39 90.00 
a* gamma-rays irradiated; b. electron-beam irradiated; c. melting enthalpy; d. crystallinity percentage; 
e. melting temperature; f. onset degradation temperature; g. total weight loss 

X-ravs diffraction OCRD). X-ray diffractograms of electron-beam (EB) and gamma irradiated of 
sugarcane bagasse fiber/HDPE composite are presented in Figure 4. The characteristic sharp peaks 
appearing at 2Θ between 20° and 25° correspond to HDPE. 
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Figure 4. XRD curves of the sugarcane bagasse fiber/HDPE composite 

The strongest peak presented at the position of 21.43° corresponds to (110) reflection crystalline and 
the second strongest peak presented at the position of 23.80° corresponds to (200) reflection 
crystalline plane. It can be seen a trend of change in intensity of diffraction peaks for the (110) and 
(200) planes of HDPE for the irradiated composite, in comparison with non-irradiated composite. 
The trend was more obvious at the electron-beam irradiated composite with 50 kGy and 90 kGy and 
at gamma irradiated composite with50 kGy. This trend of change suggest differences in crystallinity 
of the composite, due to irradiation treatment, which was confirmed by crystallinity percentage 
results, calculated from melting peak areas of DSC curves of composite 
Scanning Electron Microscopy (SEM).SEM micrographs of cryo-fractured surfaces of HDPE 
and sugarcane bagasse fiber/HDPE composite are shown in Figure 5. As it can be seen, non-
irradiated HDPE showed a rough, dense and compact cryo-fractured surface revealed, while the 
non-irradiated composite also revealed a rough, dense and compact cryo-fractured surface, but 
with a large number of cavities in the matrix phase, which can indicate a poor interfacial 
adhesion between fiber and matrix. In contrast, the irradiated composite revealed a slightly 
smoother cryo-fractured surface. SEM micrographs of electron-beam irradiated composite 
indicated that the fibers were enveloped or surrounded by the bulk of the HDPE resins, but at 90 
kGy some fibers were pulled out and broken, and gaps between the fibers and matrix can still be 
clearly seen, 
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Figure 5. SEM micrographs (500 X) for cryo-fractured surfaces of the HDPE and 
sugarcane bagasse fiber/HDPE composite. (A) Non-irradiated HDPE, (B) non-
irradiated composite; EB irradiated composite: (C) 50 kGy, (D) 90 kGy; and 
gamma irradiated composite: (E) 50 kGy, (F) 90 kGy. 

On the other hand, at micrographs surfaces of gamma irradiated composite it can be seen a higher 
extent of the fibers pulled out with smooth grooves left in the matrix. Apparently, electron-beam 
irradiation plays more important role in adhesion of sugarcane fiber to HDPE matrix than 
gamma-rays, thereby, showing less fibers pulling out and therefore smaller numbers of holes on 
the micrographs surfaces of treated composite. This observation is in agreement with the results 
of tensile strength tests. 

Conclusion 

The objective of the present work was to investigate the behavior of Sugarcane bagasse 
fiber/HDPE composite properties, irradiated by electron beam and gamma-rays. This process 
resulted in, a more rigid and a little more fragile composite material, while the thermal properties 
showed a small reduction in relation to the non-irradiated material. Apparently, electron-beam 
irradiation plays more important role in adhesion of sugarcane fiber to HDPE matrix than 
gamma-rays. However, the mechanical tests results showed that electron-beam irradiation was 
superior only as far as tensile strength properties are concerned. Regarding flexural properties, 
both ionizing radiation processes used showed similar results. It seems that both processes may 
be used to obtain composite materials with improved properties. Therefore, the choice between 
one of them will depend on which property is relevant for the final product application. 
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Abstract 

The influence of deformation on the properties of short-carbon-fiber reinforced 2024 alloy 
matrix composites was investigated in this study. It was found that the distribution of carbon 
fibers changed from the random state before deformation to the ordered state that carbon fibers 
arranged along the direction of rolling and extruding after deformation. Under the temperature 
range in control, the increase of rolling and extruding temperature would benefit to improve 
strength and elongation of composites, but was not conductive to improve the hardness of 
composites. With the increment of total deformation, all the strength and the hardness of 
composites became greater, nevertheless the elongation decreased. After being rolled and 
extruded, the strength and the hardness of composites were all bigger than those of composites 
before being rolled and extruded; moreover, the strength of extruded 2024 alloy matrix 
composites was higher than that of rolled 2024 alloy matrix composites under the same heat 
treatment conditions. 

Introduction 

Carbon fibers have been reckoned as very important reinforcements due to the high specific 
strength, specific modulus, high thermal and electric conductivity, low expansion coefficient and 
good self-lubricant properties [1-4]. Light metal composites reinforced with carbon fibers, such 
as carbon fibers in an aluminum matrix, are widely used and studied. Some studies have 
concentrated on the interfacial characteristic of CF/A1 composites in order to search for the way 
of improving the bonding between carbon fibers and the matrix alloy [5-8], and on the influence 
of the carbon fiber percent composition in the composites [9-11]. Some researchers began to take 
interest in the deforming characteristic and failure behavior of carbon fiber reinforced metal 
matrix composites [12-16]. However, the same with other metal materials, most of CF/A1 
composites were prepared by some single processes, such as powder metallurgy, extrusion 
casting and vacuum press infiltration, which caused that the composites products could not be 
manufactured directly. In order to cover the shortage of the mentioned above processes and get 
composites products with perfect mechanical properties and dimensional accuracy, the 
composites should be reworked by rolling, extruding or forging process. Compared with research 
about manufacturing process, the correlative investigation on the reworking of CF/A1 composites 
was much less evidently, which restricted the application and the further development of CF/A1 
composites. 

Thus, the present paper is focused on the deformation behavior and properties of short-CF/Al 
composites with direct observation of the microstructure of the composites and by testing the 
properties of short-CF/Al composites before and after reworking. 
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Experimental 

The composites ingots used in rolling and extruding process were prepared by stirring vacuum 
casting, the 2024 aluminium alloy was used for the matrix alloy and the short carbon fiber (about 
1-2 mm) for the reinforcing material, the mass percent of the short carbon fiber was about 4wt.% 
in the composites. And it was metalized on the carbon fiber with a thickness of 0.7 μπι of nickel 
by the way of electroplating before it was added into the matrix alloy. In order to avoid the 
dendritic segregation, promote the solution of no-equilibrium phase and the precipitation of over-
saturation alloy elements, which made the solute concentration more homogeneous, first the 
annealing treatment process was performed for the composites, which could improve the 
plasticity and the deformability of composites. 

Roll and Extntfipg Forming 

In the present study, the composites were rolled by hot rolling process, and the rolling 
temperature was controlled between 420 °C and 460 °C. The composites ingot should be hold for 
30 min in the thermostat oven under the rolling temperature before rolling, and the rolling sheet 
of composites should be carried back in the furnace to hold for 10 min under the rolling 
temperature after four times of rolling (one circulation).The composites slab with primary 
thickness of 10 mm, finally, was rolled into 1.5 mm thickness sheet after several circulations 
(four times of rolling in every circulation) in which the reduction of the initial pass was 0.225 
mm, the second was 0.45 mm, the third and the fourth were 0.225 mm. Double high rolling mill 
was used in the present study, the rolling schematic plan was shown in Fig. 1(a). 

(a) 

HSHsaBgaa Q 
V////////R 

Fig, 1 Schematic plans of composites deformation process 
(a)-rolling process; (b)-extrusion process 

For the high resistance of deformation, it was very difficult for the carbon fiber reinforced 
aluminium alloy matrix composites to be extruded. A proper extruding process should be 
selected during extruding forming. 

In the present study, the hot extrusion process was used during material deformation, and the 
essential parameters were shown as follow: extruding temperature was between 400°C and 460°C 
(temperature of billits), temperature of die was 450 °C, temperature of inwall of container was 
450°C, extrusion ratio was 4, and extrusion speed was 35 mm/s. The schematic plan of 
composites extrusion process was shown in Fig. 1(b). 

Mfcrpgtrucmre an4 Morphology Observation 
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Microstructures and morphologies of the alloys were characterized using digital camera (SONY-
T300) and scanning electron microscope (SEM, JSM-6301F). 

Results and Discussion 

Effect of Deformation on the Microstructure of Composites 

Fig.2 and Fig.3 showed separately the microstructures of the rolled and extruded composites. It 
could be seen that the grain of matrix alloy was elongated along the direction of rolling and 
extruding, which was due to the plastic deformation of composites under the huge deformational 
stress. Carbon fiber flowed with the matrix alloy during rolling and extruding, and matrix alloy 
deformed inhomogeneously in the elastic state during the flow, but for the high strength and high 
modulus, carbon fibers might rotate forward the direction of rolling and extruding, or break 
randomly. The distribution of carbon fibers changed from the random state before deformation to 
the ordered state that carbon fibers arranged along the direction of rolling and extruding after 
deformation, that is to say, the carbon fiber had the characteristic of orientation. 

Fig.2 Comparison of composites structures with longitudinal and cross direction 
after being rolled 

(a)-longitudinal; (b)-cross 

Fig.3 Comparison of composites structures with longitudinal and cross direction 
after being extruded 

(a)-longitudinal; (b)-cross 
In addition, carbon fibers and matrix alloy also flowed forward both sides across the direction of 
rolling during the rolling deformation, so it could be observed that the grains of the matrix in the 
cross-section were elongated and there were many oblique sections of carbon fibers. On the 
contrary, there was no oblique section of carbon fiber in the extruded composites basically, 
probably because the carbon fibers and the matrix alloy only flowed forward the direction of 
extruding deformation. 
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As mentioned above, carbon fibers might break and orderly arrange along the direction of rolling 
and extruding, which might be comprehended by use of the rotation model of carbon fiber 
(shown in Fig.4). It is well known that the deformation resistance of matrix alloy will be greatly 
reduced during the hot rolling process and the hot extruding process, but for the strength of 
carbon fiber did not changed basically under the temperature of hot rolling and hot extruding, 
carbon fiber would flow with the matrix alloy during rolling and extruding, however, carbon 
fibers arranged disorderly in the matrix alloy in the initial stage of rolling and extruding process, 
the orientation of carbon fiber was not in accordance with the flowing direction of matrix alloy, 
so carbon fiber axial rotation would happen inevitably, which made the orientation of carbon 
fibers consistent with the plastic flow direction of the matrix alloy. As shown in Fig.4, when the 
angular velocity ωι of carbon fiber rotation was not equal to the angular velocity C02, carbon 
fiber would bend, and when the suffered bending stress was less than or equal to the strength of 
carbon fiber, the fracture would not happen, when the suffered bending stress was bigger than 
the strength of carbon fiber, the fracture would occur. Additionally, because the flowability of 
matrix alloy became better when the rolling or the extruding temperature was increased, the 
bending stress would become smaller, which made the probability of carbon fiber failure 
becomes less. 

flow direction 

(a) ω j = ω 2 (b) ω ¡ Φ ω 2 

Fig.4 Model of carbon fiber moving in rolling and extrusion 

fiffeel of Peformation Temperature 

Fig.5 shows the mechanical properties of as-rolled composites sheets that were prepared 
respectively under the temperature of 420°C, 430°C, 440°C, 450°C and 460 °C. It could be seen 
that tensile strength (ab), yield strength (σο.2) and elongation (δ) were all improved along with 
the increment of the rolling temperature. The tensile strength enhanced from 426MPa to 
443MPa, the yield strength from 350MPa to 364MPa, respectively increased by 3.99% and 4%, 
the elongation from 4.02% to 4.15%, however, the hardness was reduced from 151HB to 144HB, 
down 4.61%. 

According to the above mentioned, it could been known that the increment of rolling temperature 
would help to improve the orientation ability of carbon fibers in the matrix alloy, the possibility 
of fracture of carbon fibers became smaller, which made the reinforced effect more significant, 
therefore, the strength of as-rolled composites sheet was improved with the increment of rolling 
temperature. On the other hand, for the increase of the rolling temperature, the ability to resist 
deformation of matrix alloy decreased and the residual stress of as-rolled composites sheet 
corresponding became less, which were benefit the improvement of tensile strength and 
elongation, however, the hardness was decreased with the reduction of deformation resistance. 

flow direction 
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Fig.6 Effect of extruding temperature on the properties of composites Extruded Rod 

In order to investigate the effect of extruding temperature on the properties of composites, four 
different extruding temperatures of 400°C, 420°C, 440°C, and 460 °C were selected according to 
the extruding temperature of 2024 alloy, usually between 380°C and 450°C, Fig.6 showed the 
effect of extruding temperature on the properties of composites bar. In accordance with the 
rolling process, the strength of as-extruded composites increased with the rise of extruding 
temperature, however, when extruding temperature was 460°C, the tensile strength fell slightly; it 
might be resulted from the grain growth during the extruding deformation, which was harmful to 
the improvement of composites strength. 
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Effect of Total Deformation 

The relationship between total deformation and properties of composites could be seen in Fig.7. 
With the increase of total deformation, all the strength and the hardness of composites became 
greater, nevertheless the elongation decreased. The tensile strength was improved from 434MPa 
to 448MPa, the yield strength from 342MPa to 353MPa, respectively increased by 3.23% and 
3.21%, the elongation dropped from 4.12% to 3.92%, in addition, the hardness was increased 
from 149HB to 156HB, down 4.7%. It was consistent with reference [17], bigger the total 
deformation was, better the microstructure was, and better the property was. In addition, it might 
be due to that, with the increment of total deformation, the deformation resistance of composites 
was improved and carbon fibers orientated along the rolling direction more obviously, which 
lead to the results as shown in Fig.7. 

360-, 

350-1 

75 80 

Total deformation/% 
70 75 80 85 

Total deformation/% 

Fig. 7 Effect of rolling total deformation on the properties of composites plates 

Comparison of the Performances 

Fig.8 showed properties comparison of composites before and after rolling and extruding. It 
could be seen that the reworking was an effective way of improving the properties of composites, 
which might be due to the work-hardening of bulk alloy and the orientation of carbon fibers 
along the direction of rolling and extruding. In addition the elongation, all properties of extruded 
composites were bigger than those of rolled composites obviously, which might be so-called 
Extrusion Effect [18]. During the process of extruding, composites were subjected to the 
compression stress in three directions, and were in the state of being compressed across the axial 
direction and being extended deformation along extruding direction, and the bulk alloy flowed 
reposefuUy and all the grains moved along the extruding direction, which resulted in the 
formation of strong [111] texture in the extruded composites, and [111] direction of most grains 
were in accordance with the extruding direction. For aluminium alloy with face-centered cubic 
lattice, the strength along [111] direction was the highest, therefore, the strength of extruded 
2024 alloy matrix composites was higher than that of rolled 2024 alloy matrix composites under 
the same heat treatment conditions. 

Comparison of the Performances 
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Fig.8 showed properties comparison of composites before and after rolling and extruding. It 
could be seen that the reworking was an effective way of improving the properties of composites, 
which might be due to the work-hardening of bulk alloy and the orientation of carbon fibers 
along the direction of rolling and extruding. In addition the elongation, all properties of extruded 
composites were bigger than those of rolled composites obviously, which might be so-called 
Extrusion Effect [18]. During the process of extruding, composites were subjected to the 
compression stress in three directions, and were in the state of being compressed across the axial 
direction and being extended deformation along extruding direction, and the bulk alloy flowed 
reposefully and all the grains moved along the extruding direction, which resulted in the 
formation of strong [111] texture in the extruded composites, and [111] direction of most grains 
were in accordance with the extruding direction. For aluminium alloy with face-centered cubic 
lattice, the strength along [111] direction was the highest, therefore, the strength of extruded 
2024 alloy matrix composites was higher than that of rolled 2024 alloy matrix composites under 
the same heat treatment conditions. 

Fig.8 Properties comparison of composites fore and after rolling and extruding 

Conclusions 

(1) The distribution of carbon fibers changed from the random state before deformation to the 
ordered state that carbon fibers arranged along the direction of rolling and extruding after 
deformation. 

(2) Under the temperature range in control, the increase of rolling and extruding temperature 
would benefit to improve strength and elongation of composites, but was not conductive to 
improve the hardness of composites. With the increment of total deformation, all the strength and 
the hardness of composites became greater, nevertheless the elongation decreased. 

(3) After being rolled and extruded, the strength and the hardness of composites were all bigger 
than those of composites before being rolled and extruded; moreover, the strength of extruded 
2024 alloy matrix composites was higher than that of rolled 2024 alloy matrix composites under 
the same heat treatment conditions. 
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Abstract 

The microstructure and hot deformation behaviour of an Er-modified Mg-Zn-Al alloy were 
evaluated. The results showed that the addition of rare-earth Er changed the morphology of the 
quasi-continuous grain boundary networked eutectic compound to globular particles. Moreover, 
a self-strengthening effect was identified for the alloy, which determined its deformation 
behavior. After hot extrusion, the yield strength and elongation to failure of the Mg-Zn-Al-Re 
alloy at 200 °C were increased by 105% and 120%, respectively, due to an emerged dynamic 
precipitation strengthening mechanism. 

Introduction 

Magnesium alloys are attracting increasing attention for applications in automobile, electronic 
devices and hand tools for weight reduction and higher fuel efficiency, because of their 
lightweight and a high specific strength. However, application of Mg is still very limited. The 
largest applications are still those non load-bearing castings used at room temperature, such as 
box case, housing, and covering. One of the main reasons is the inadequate absolute strength 
both at room temperature and elevated temperatures (>100°C) of the commercially used AZ, AM 
series alloys, due to the incoherent interface between the secondary phase y-MgnAl^ and Mg 
matrix, as well as the low thermal-stability of the γ phase [1]. Besides, the heat-resistant 
magnesium alloys which contain rare earth (Re) as the main alloying element are very expensive. 
The other reason is their poor deformability. The key solution is therefore to develop low-cost 
heat-resistant wrought alloys. 
Larger quantity of ternary addition of Zn to binary Mg-Al alloys has shown complete 
suppression of the formation of the Mg^Al^ phase, and the resultant ZA alloys have sound 
castability [2]. Moreover, effective age-hardening would be reasonably expected due to the large 
solubility variation of Zn and Al in Mg with temperature. In previous works [3], we aimed to 
elucidate the variation of the constituent phases with the Zn/Al ratio and the Al content, based on 
which the potential alloy compositions with improved elevated-temperature properties have been 
identified [3,4]. Moreover, it has been reported that minor addition of Re to Mg alloys is greatly 
beneficial to the deformability [5,6]. Therefore in this paper, the microstructure and hot 
deformation behavior of an Er-modified Mg-Zn-Al alloy were studied, in order to evaluate its 
potential as a deformable heat-resistant alloy. 

421 



Experimental procedure 

The nominal composition of the Mg-Zn-Al alloy studied in this work was Mg-7Zn-3Al (wt.%) 
with 0.4% addition of Er. Alloys were prepared by semi-continuous cast. Solution and aging 
treatment were carried out at 325°C for 50h, followed by quenching in water, and then aged at 
200°C for 20h. Extrusion was conducted on a XJ-500 Horizontal Extrusion Machine using a 
billet with diameter of 85mm. The extrusion ratio was 25. Cylindrical samples of 50-mm gauge 
length and 10-mm diameter were used for tensile mechanical testing both at room temperature 
and elevated temperatures. Tensile properties were determined from a complete stress-strain 
curve. 0.2% yield strength (YS), ultimate tensile strength (UTS) and elongation to failure 
(elongation) were obtained based on the average of three tests. Isothermal hot tension tests were 
conducted in the temperature range of 150°C to 300°C and at a strain rate of 0.001 s"1 to 0.1 s"1 

on a Gleeble 1500D thermo-mechanical simulator. Microstructures were observed by optical 
microscopy and scanning electron microscopy (SEM) using a TESCAN VEGA2 scanning 
electron microscope equipped with an INCA Energy 350 energy dispersive X-ray spectrometer 
(EDS). 

Results and discussion 

As-cast and as-aged microstructures of Mg-Zn-Al alloy 
Figure 1 (a) shows the as-cast microstructure of the Mg-7Zn-3Al alloy. It manifests a networked 
t-phase (Mg32(Al,Zn)49, BCC, a^l^lónm) distributing in the interdendritic regions. After 
solution and aging treated, the majority of the coarse τ-phase particles dissolved into the matrix, 
instead, nano-sized precipitates occurred uniformly in the matrix, as revealed by TEM and 
shown in Figure 1 (b). Due to the high stability of the τ phase and the low τ phase-matrix 
interface energy [3], the alloy had satisfied elevated-temperature stability. Mechanical property 
testing showed that the yield strength of the alloy reached 3/4 that at room temperature. 
However, the plasticity was unsatisfactory. 

Figure 1. As-cast (a) and as-aged (b) microstructures of Mg-Zn-Al alloy. 

Microstructure and elevated mechanical properties of Mg-Zn-Al-Re alloy 
Figure 2 shows the microstructure of Mg-Zn-Al-Er alloy. The quasi-continuous networked 
compounds were changed into discontinuous global particles with trace Er addition. EDS 
measurements revealed that these global particles were still the τ compounds. Binary Al-Er 
particles were also occasionally detected. 
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Figure 2. As-cast microstructure of Mg-Zn-Al-Er alloy (a) and typical EDS spectrum of the 
ternary Mg-Al-Zn particles (b). 

The mechanical properties at 20(fC of the alloys with and without Er addition were shown in 
Figure 3. It can be seen from Figure 3 that with Er addition, both the elongation and the strength 
are improved. It is interesting that when we compare the mechanical properties of the alloy with 
Er addition at room temperature and elevated-temperatures. It can be observed from Figure 4 
that instead of falling down, the yield strength is increased and the elongation is also improved at 
higher temperatures. We call this a self-strengthening effect, which is believed to be associated 
with a dynamic precipitation during deformation. This finding provides a new way to develop 
heat-resistant wrought Mg alloy, i.e., utilizing the improved high temperature plasticity to realize 
hot plastic deformation, and dynamic precipitation to high strength at both room temperature and 
elevated temperature. 
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Figure 3. Mechanical properties at 200 °Cof the alloys with and without Re addition. 
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Figure 4. Mechanical properties of Mg-Zn-Al-Re alloy at room temperature and elevated-
temperatures, 

Deformation behaviors were evaluated by thermal analysis on a thermo-mechanical simulator. 
Figure 5 shows the typical flow curves under various deformation temperatures and stain rates. It 
is evident that for the ZA73 alloy» the hot plasticity is worse at lower temperature and strain rate 
and higher strain rate and temperature favor hot deformation; moreover, the poorest formability 
occurs at around 250 *C. The addition of Er to the ZA73 alloy notably improves the hot plasticity 
for all deformation conditions, especially those under which the formability is relatively poor. 
Furthermore, these alloys manifest the best hot plasticity and stable flow stress when deformed at 
300*C and a higher strain rate. 
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Figure 5. Typical flow curves under various deformation temperatures and stain rates during 
thermal simulation tests for alloys without (a and b) and with (c) Er addition. 

Fractograohic analysis of as-deformed Mg-Zn-Al-Re alloy 
Real extrusion experiments were carried out based on the optimum regimes determined by the 
thermal simulation. The Extrusion bars were tensile deformed both at room temperature and 
elevated temperatures, SEM fractographs revealed particles distributed in most of the dimples at 
the fracture surface of as-extruded Mg-Zn-Al-Er alloy tensile deformed at room temperature. 
EDS analysis results (Figure 6) showed that these particles were Al-Er binary phase. It has been 
reported that Er tends to form Al-Er phase in Mg alloys containing more Al element [7]. These 
fine dispersed Al-Er particles can act as heterogeneous nuclei to refine the microstructure [8]. On 
the other hand» excess Er addition will lead to coalescence of the Al-Er particles, resulting in 
stress concentration at the vicinity of the particles. Therefore, it is suggested that when the 
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precondition of a fine and homogeneous as-cast microstructure is satisfied, the addition amount 
of Er should be as less as possible. 

Figure 6. EDS analysis results of second-phase particles at fracture surface of as-extruded Mg-
Zn-Al-Er alloy tensile deformed at room temperature. 

Comparison of the tensile mechanical properties at 200 °C between as-cast and as-extruded alloys 
revealed that both the yield strength and elongation to failure increased dramatically after hot 
extrusion, with the value being 105% and 120%, respectively. Furthermore, fractographs 
presented an obvious tough fracture feature when tensile deformed at 200 °C for the extruded 
alloy. These phenomena all pointed to an emerged strengthening mechanism after hot 
deformation, i.e. dynamic precipitation, which endowed the alloy higher yield strength at 
elevated temperatures, in the mean time with the least harm effect on alloy plasticity. 

Conclusions 

1) Feature of a self-strengthening effect was identified for the Mg-Zn-Al-Re alloy, which 
determined its deformation behavior. 

2) The addition of rare-earth Er changed the morphology of the τ phase to globular particles and 
enhanced alloy deformability. 

3) After hot extrusion, the yield strength and elongation to failure of the Mg-Zn-Al-Re alloy at 
200 °C were increased by 105% and 120%, respectively, due to an emerged dynamic 
precipitation strengthening mechanism. 
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Abstract 

As extruded Mg-9Zn-0.6Zr-2Er magnesium alloys were hot-rolled at 400 °C, followed by 
solution treatment at 400 °C forl.Sh and artificial aging at 200°C for 10h. Microstructures and 
tensile mechanical properties of the alloys after hot rolling, solution and aging treatment were 
examined respectively. Optical micrographs of the as-rolled and as-solution alloys showed fine 
grain structures, due to the formation of Er- and Zn- bearing compounds at grain boundaries 
which obviously improved the thermal stability of the alloy. Yield strength as high as about 335 
MPa was obtained for the as-rolled alloy, showing that the mechanical properties of the alloy was 
greatly benefit from the grain refinement and dynamic precipitation of fine MgZn2 during hot 
rolling. Due to solution heat treatment, vast majority of the Mg-Zn phases dissolved into the 
matrix, and precipitated out again as fine dispersoid during the subsequent aging, resulting in an 
enhanced aging-hardening effect. 

Introduction 

With high specific strength and low density, magnesium alloy has stimulated significant interest 
for the applications in microelectronics, aerospace and automobile industries. Due to its HCP 
structure, magnesium alloys exhibit relatively poor strength and ductility. Great efforts have 
been made to improve the properties of magnesium alloys. 

Thermo-mechanical processing which combined with subsequent heat treatment can strengthen 
magnesium alloys due to the strain-hardening mechanism, homogeneous distribution of second 
particles and grain refinement [1,2]. However, commercial wrought magnesium alloys have high 
tendency of grain growth at high temperature due to lack of effective solutions to stabilize the 
microstructure [3, 4, and 6]. But Magnesium-RE alloys containing high rare earth were reported 
to have remarkable thermal-stability, Rare earth (RE), such as Y, Nd, Yb, Gd, Ce, were known to 
form second-phase particles that have higher thermal stability combining with Zn and matrix in 
Mg[12-17]. 

Although most of the commercial wrought Mg alloys are precipitation hardenable, but they 
rarely heat treated after wrought processes. This is because the age-hardening responses of 
commercial wrought alloys such as Mg-Zn (ZK) and Mg-Al-Zn (AZ) alloys are too low to 
achieve sufficient improvement by heat treatment (8). However trace element addition is a very 
effective way to enhance precipitation hardening effects [18]. 
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In this paper, as-extruded Mg-9Zn-0.6Zr with 2% Er (wt%) magnesium alloy were undergone 
hot rolling» and then solution treated and T6 treated to enhanced mechanical properties. Effects 
of hot-rolling and heat treatment on the microstructure and tensile properties of Mg-9Zn-0.6Zr-
2Er magnesium alloy were investigated. Thermal stability of the alloy was observed. 
Strengthening mechanism of the alloy is also discussed. 

Material and Experimental Procedure 

The as-extruded magnesium alloy which is to be hot rolled has a nominal composition as 
following: 9%Zn* 0,6%Zr, 2%Er and balance magnesium. The cylindrical bars of 10 mm in 
diameter were machined into rectangular plates with a cross-section of 12mmx8 mm. Prior to 
processing» the plates were heated at 673K for 6 hours. The rolling process was carried out at 
673 K with cold rollers. The plates with 8mm starting thickness then were reduced to 2mm, and 
the reduction per pass was 0.5mm. The rolling plates were heated at 673K for 20min before 
rolling and 5 min during each pass to stabilize the rolling temperature. The rolling direction was 
parallel to extrusion direction of as extruded alloy. Hot rolled alloys were heated at 673K for 
L5h then undergone artificial aging at 473k for 10h. 

The alloys were investigated in as-rolled, as-solutioned, and as-aged heat treated condition. 
Microstructures were observed by optical microscopy» as well as scanning electron microscopy 
(SEM) with a TESCAN VED A3 scanning electron microscope. Dogbone tensile specimens of 2-
mm gauge thickness, 5mm gauge width and 25mm gauge length were also machined from hot 
rolled and as-solutioned alloys for the ambient temperature tensile tests. Tensile tests were 
carried out in a Shimadzu AG-X10KN universal testing machine at a strain rate of 0.5mm s'1. 
The tensile axis was along the rolling direction. Tensile properties were determined from a 
complete stress-strain curve. Micro Vickers-hardness of the alloys was conducted using a 0.3 Kg 
load and hold time of 15s. Grain sizes of the alloy of each condition were statically calculated. 

Results and Discussion 

Microstructures of the Prior-rolling and As-rolled Alloys 

Fig 1(a) shows optical micrograph(OM) of the alloy undergone pre-heating before hot rolling, the 
alloy has fine and even grains which are 5-10um in size. 

Microstructures of the hot rolled plate are shown in figl.b (RD-TD plane), c(RD-ND plane), 
d(TD-ND plane) respectively. RD-ND plane and TD-ND plane emerged large amount of 
shearing bands. Shearing bands which consist of recrystallized grains are inevitable in the rolling 
process of magnesium alloy due to the macro-stress state [11]. As we know, dynamic 
recrystallization (DRX) has a high tendency to nucleate at the original grain boundaries. 
Compared with those boundaries which were parallel or perpendicular to the rolling direction 
(RD), boundaries that parallel to maximum shear stress have much more probability to 
accommodated strain during hot deformation. It was expected more and more grains would be 
formed at these soft oriented regions, producing ductile shearing bands inclined about 45°to the 
rolling direction (seen in figl.c). 

RD-TD plane of the as-rolled alloy emerged large amount of twining while without shearing 
band. 
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Figure 1. optical micrographs of prior-rolling Mg-9Zn-0.6Zr-2Er alloy (a), TD-RD plane (b), 
ND-RD plane (c), ND-TD plane (d) of as-rolled alloy. 

Microstructures of the As-solutioned and As-aged Alloy 

Microstructures of as-solutioned alloy in the (a) TD-ND plane, (b) RD-ND plane and (c) RD-TD 
plane can be seen in fig2 (a-c) respectively. The alloy has fully recrystallized, and twins were 
disappeared. The dynamic recrystallized grains used to located at the shearing bands of as-rolled 
alloy stayed almost the same size, what' more, average grain size of the as-solutioned alloy was 
just slightly higher than as-received extruded alloy(seen in Figure3), indicating that the alloy has 
excellent microstructural stability at elevated temperature (at least 673K). Figure4 shows SEM 
microstructure images of as-solutioned alloy, existence of the thermal stable Mg-Zn-Er phase 
particles at the grain boundaries that hinder grain growth during the solution treatment [2]. 

Optical microstructure characteristics of the alloy stay almost the same after aging treatment 
(seen in figure 2(d-f)), The aging treatment did not change the grain size, but it does change the 
second phase constitution, more second phases are static precipitate from the Mg matrix (seen 
in fig 4(c)), resulting in an aging-hardening effect. 
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Figure 2. Optical micrographs of as-solutioned and as-aged alloys in TD-ND plane (a,d) ,ND-RD 
plane (b,e), and TD-RD plane (c,f) respectively. 

Figure 3. Average grain size of alloys that prior-rolling alloy, as-solutioned alloy 
and as-aged alloy. 
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Figure 4. SEM images :(a) as-rolled alloy; (b) as-solutioned alloy; (c) as-aged alloy. 

Tensile Properties of the Alloys with Different Processing 

The tensile test results of the as-extruded alloy, as-rolled alloy and as-solutioned alloy are given 
in Table 1. As shown in the table, the yield strength (YS) of as-rolled alloy was 335Mpa which 
was 16Mpa higher that of as-extruded alloy. The difference in the measured yield strength of the 
two alloys is may due to the not fully recrystallized grains in as-extruded alloy and, a better 
second phase strengthening effect in as-rolled alloy than that in as-extruded one. But the 
elongation of the as-rolled alloy is shapely decreased (2.1%) compared to the as-extruded alloy 
(16.58%). Compared to the as-rolled alloy, both the yield strength (YS) and ultimate tensile 
strength (UTS) of the as-solutioned alloy are dramatically decreased, whereas, the elongation is 
markedly increased (seen in table 1). This is due to the following facts: (1) as-rolled alloy was 
static recrystallized, density of dislocation was declined, effect of strain hardening has eliminated 
after the alloy undergone solid solution treatment; (2) some grain boundary phases were 
dissolved during the solution treatment, resulting in a decreased precipitation hardening effect. 

Table 1. Tensile properties of as-extruded, as-rolled and as-solution alloy. 
Samples 

As-extruded alloy 
As-rolled alloy 

As-solutioned alloy 

YS ( σ 0 2 ) 

319Mpa 
335Mpa 
205Mpa 

UTS Cah) 

370.5Mpa 
370Mpa 

271.5Mpa 

elongation (%) 

16.6 
2.1 
12.3 

Hardness of as-aged alloy is increased after aging treatment. (Seen in fig. 5) This is due to static 
precipitation of MgZn2 phase particles [2], and inevitably, these particles are the obstruction of 
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the dislocation, thus they make an ageing strengthening effect on the materials. But hardness of 
as-aged alloy is lower man the as-rolled alloy, indicating that dynamic precipitation of second 
phases during hot deformation is more effective in hardening the alloy than static precipitation of 
second phases during aging treatment. 
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Figures. Vickers hardness (HV) of as-rolled, as-solutioned and as-aged alloys. 

Conclusion 

(1) Mg-9Zn-0.6Zr-2Er alloy plates can be consecutively rolled with the reduction of 75% at 
673K with cold rollers, the as-rolled alloy exhibits shearing bands and twining. 

(2) Hot rolling processing can enhance the strength of Mg-9Zn-0.6Zr-2Er magnesium alloy, 
namely» the ultimate tensile strength is 370Mpa, and yield strength is 335Mpa, while 
elongation is 2.1%. The as-solutioned alloy exhibits lower strength but higher elongation 
than the as-rolled one, while the as-aged alloy shows higher Vickers hardness, indicting a 
considerable age-hardening effect. 

(3) Due to the thermal stable second phases precipitating at grain boundaries, Mg-9Zn-
0.6Zr-2Er magnesium alloy has excellent microstructural stability at high temperature (at 
least 673K). 
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Abstract 

During the last decades the refractory life time of the different aggregates of the secondary 
aluminium production was improved significantly. However, each repair and installation of 
refractory material affects the operating schedule and can cause costs in the million range. The 
downtime of just one melting furnace generate costs of 100.000 to 400.000 $ per day. Besides 
cooling down of the furnace and its repair, the heating-up procedure accounts for the longest 
time of the shutdown. Usually, heating-up of low cement or ultra low cement castables takes 120 
to 150 hours. In order to reduce such expensive downtimes Refratechnik developed a unique and 
novel product series: Nanobond. These materials can be heated-up in only a third of the usual 
time. This paper talks about the theoretical aspects, as well as the mechanical and physical 
properties and especially practical experience of using Nanobond. 

Theoretical Aspects and Laboratory Results 

Cement containing castables such as RCC, MCC, LCC or ULCC are considered standard in 
many refractory applications. Over the years a wide range of possible raw materials and practical 
installation methods were developed. However, all of these cement bonded refractory mixes 
possess one main important drawback. Such materials are characterized by the hydration of the 
cement bonding. As a result the physical bonded and the hydraulic water has to be removed in a 
relatively complicated drying procedure. The hydraulic water specifically demands a very careful 
and cautious heating up procedure. Most of the dreaded steam explosions can occur at a furnace 
temperature of approx. 250 °C. [1] To avoid such destructions, the heating-up of a new lined or 
repaired furnace can be very complex and slow. Depending on the furnace or the casted part a 
drying time of several days with long curing times are common. 

Besides cooling down of the furnace and its repair, the heating-up procedure account the longest 
time of the shutdown. Additionally the cement bonding of usual castables is very often a weak 
point regarding the chemical wear of refractory materials. In order to solve such problems 
Refratechnik developed a unique, novel and patented product series: Nanobond. 
Nanobond is typically free of cement and water. It is a dry refractory mix that comes with a 
special liquid binder. This liquid binder acts as a mixing and binding agent. By adjusting the 
amount of the binder the setting time of the castable can be controlled individually. In contrast to 
other available cement free castables this two-component-system is completely safe to use and 
represents no health hazard. The absence of any acids means that no corrosion of the anchors can 
take place. There are no restrictions regarding transport or usage at plant. Table 1 provides a 
short comparison of cement bonded castables and Nanobond castables. 
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Table 1: Comparison of the main properties of usual cement bonded castables and Nanobond 

Type 

Mixing agent 
Variation of the setting time 
Mechanical and physical 
properties 
Available raw materials 

Shelf life 

Usual cement castables 
regular, medium, low cement 
or ultra low cement castable 
water 
usual additives 

Nanobond 
no cement castable 

special liquid binder 
amount on liquid binder 

Comparable 

no technical restrictions: chamotte, bauxite, tabular alumina, 
andalusite, fused corundum etc. 

max. 6 months | max. 12 months 

The introduced Nanobond system is available for all type of alumina-based raw materials and 
has been tested in numerous different applications successfully. In addition to the mentioned 
castable and self-flow castable it is also available as a jet cast material. Many alumina melting 
furnaces are still applied with a safety lining. If this safety or permanent lining will be damaged 
during the break out a special Nanobond castable based on chamotte is available. 

The Nanobond binder technology is mainly based on colloidal silica. It is a colloidal dispersion 
of nano-sized Silicon Dioxide (SÍO2) particles. By drying the non-cross-linked or uncured sol a 
stable and cross linked gel is formed. After this gelation the binder system is temperature stable, 
insoluble in water and characterized by a very high mechanical strength. 
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Figure 1: Heating-up procedure of different medium cement castables samples compared to 
Nanobond 
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Figure 1 clearly shows the main advantage of the Nanobond product series. The initial heating-
up procedure of a typical medium cement castable is strongly depending on the size and the 
shape of the specimen. For larger samples or prefabricated parts the heating-up time is 
significantly longer. In the example shown the recommended heating-up time triples to ~110 h as 
the sample increases from 150 to 500 mm. For the shown Nanobond material the heating-up time 
is constant for specimens < 500 mm: 42 h. 

In the Table 2 below some highlights of a conventional medium cement castable with that of 
Nanobond material are shown. The raw material base (corundum) and the installation method 
(casting, vibrating) are the same. Both materials contain a novel and patented system of different 
anti-wetting additives. Anti-wetting additives are thus frequently used in order to improve the 
life time of refractory products. Up until now, however, standard additives have been unable to 
prevent an intense corrosion from occurring, in particular with Aluminium-Magnesium alloys. 
These additives tend to dissolve when faced to the usual operating temperatures of > 1000 °C. 
Not only is the desired effect lost but there is a risk of lasting damage to the brick structure from 
the decomposition products. The new developed anti-wetting system can withstand temperatures 
of up to 1200 °C without damaging the refractory material structure. 

Table 2: Main properties of a medium cement castable compared to Nanobond 

Main raw material 
Installation method 

Bonding system 
Mixing liquid 

1 Special anti-wetting additive 
1 Maximium service temperature [%] 
1 Apparent porosity [%] 
1 Cold crushing strength [N/mm2] 

After curing at 110 °C 
500 °C 

1000 °C 
1200 °C 
1500°C 

1 Permanent linear change [%] 
After curing at 110 °C 

500 °C 
1000 °C 
1200 °C 

1 1500 °C 

Medium 
cement castable 

Nanobond 1 

corundum 1 
casting, vibrating | 

Hydraulic 
Water 

Yes 
1250 
22.0 

110.0 
110.0 
110.0 
110.0 

-0.05 
-0.05 
+ 0.05 
+ 0.10 

Inorganic, chemic 1 
Special liquid 1 

binder 
Yes 
1500 
15.0 

40.0 
120.0 
120.0 
120.0 
120.0 

- 0.05 
-0.05 
-0.10 
-0.10 
-0.85 

Due to the hydraulic bonding of the MCC the maximum service temperature of this üroduct is 
limited to 1250 °C. The cold crushing strength after curing at at least 500°C is comparable for 
both materials. As a result of using a special binder and the absence of water the apparent 
porosity of the Nanobond material is significantly lower (15.0 %). Figure 2 shows different MCC 
and Nanobond crucibles in contact with liquid alumina alloy 7075. The tests were accomplished 
at 800,1000 and 1200 °C with a curing time of 150 h. For both materials the infiltration and the 
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wear is similar. The special anti wetting additive prevents a massive corundum formation, which 
is well known as the main wear effect of refractories in aluminium melting furnaces. 
Importantly, what is not evident is the detrimental affect of the colloidal silica binder system on 
the wear of the materials. Due to its nano-sized structure the introduced silica is very reactive 
and can react with other refractory material components to uncritical phases like mullite. 

Figure 2: Cup tests of a Medium Cement Castable (MCC) and a Nanobond Castable with 
Aluminium alloy 7075 

Aside from the obvious economical advantages of the heating-up procedure the fast and 
uncritical heating up procedure the Nanobond materials possess another big benefit for 
customers. After the initial heat-up the refractory lining is 100 % free of water. Consequently no 
hydrogen is delivered to the liquid aluminum. The Hydrogen pickup of the aluminum by the 
monolithic refractory lining is serious problems for many alumina foundries, therefore, by 
choosing the novel Nanobond bonded materials the quality of sensitive or demanding alloys and 
casted parts can be improved. 

Usual Lining vs. Nanobond Lining and Repairing 
Practical Experience Report from TRIMET 

To demonstrate the potential and to highlight some practical experience a report of the repair 
lining of a melting ftirnace at TRIMET Aluminium AG (Essen, Germany) is discussed. 

After 4 years of production a service repair of the smelting furnace No. 6 was necessary. The 
furnace showed a premature wear in the bottom and the ramp. Based on their past TRIMET 
decided to reline the fiimace with Nanobond material. This choice allowed the facility to shorten 
the stoppage and to recommence to production as soon as possible. After cooling down and 
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breaking out, the furnace was relined with Refratechnik Nanobond castable. Beside the usage of 
the special liquid binder the procedure of mixing, casting and vibrating is comparable to any 
other typical refractory castables. The setting time of the castable was controlled by the amount 
of the liquid binder. No special additives were needed to react on different ambient temperatures. 
Due to the perfect adhesive and bonding properties to the existing refractory lining no special 
pretreatment was required. 

In total ~ 20 to of the corundum based Nanobond material was mixed and installed into the 
furnace. The following pictures are showing the furnace before breaking out, during relining and 
after heating up. Due to its perfect condition no repair of the safety lining necessary. After 
installation and a short drying time at ambient temperature the heating-up procedure was started. 
After only 22 h of heating-up and 12 of sintering with liquid metal at 850 °C the furnace No. 6 
was ready to return to production. In total the complete relining of the bottom and the ramp took 
only 1 week. 

Figure 3: Different views into the aluminium melting furnace No. 6: during relining and after 
heating up and sintering with liquid metal 
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The chart diagram in figure 4 shows total timeline of the described relining of the furnace No. 6. 
The usual relining with common medium cement castables (MCC) is shown for comparative 
purposes. It is evident that by using Nanobond the total repairing time was significantly shorter. 
Compared to a lining with an usual medium cement castable the facility can win 5-6 days of 
production. Ultimately for an Aluminum producer such as like TRIMET this means an additional 
production of - 15 batches. 
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Figure 4: Total time schedule for relining the TRIMET aluminium melting furnace No. 6: 
Nanobond and Medium Cement Castable 

Besides the shorter curing time and the increased reproduction ability, the easier heating up 
procedure is a big benefit to the Nanobond user. Table 3 below highlights the equipment needed 
and the associated costs caused for heating up a furnace. The drawn-out heating-up procedure of 
cement bonded castables requires special equipment. To maintain the essential low temperature 
increase external heating equipment is needed. In total the heating device including measurement 
technique and manpower can cause cost of in the region of 30.000 $. Figure 5 shows a refined 
aluminium melting furnace and the external heating equipment that is need to heat-up the cement 
bonded castables proper. In contrast the Nanobond material does not need any special heating 
equipment. It can be simply cured with the furnace burners. 
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Table 3: Time schedule and cost/production plan for relining melting furnace No. 6 

Heating up procedure 
Special heating equipment 

Costs 
Loss of production during 
total relining 

Medium Cement Castable 
7-8 days 
External heating device 
including manpower, 
installation, measurement 
technique etc. (fig. 5) 
-30.000 $ 

~ 40 batches 

Nanobond 
2 days 
No 

Nothing 

~ 20 batches 

Figure 5: External heating device for drying / heating-up a MCC relined aluminium melting 
furnace 

Conclusion 

Nanobond is a new product series especially developed for a fast, secure and save relining of 
aluminium melting furnaces. Due to the absence of water and the cement free bonding system 
the installed lining can be heated up 70 % quicker than common medium cement castables. In 
addition to straight forward curing process, Nanobond exhibits the following technical and 
economical benefits: 

-no risk of introducing hydrogen into the process 
-long shelf time 
-100 % safe and harmless liquid binder 
-adjustable setting times 
-perfect adhesion and bonding on existing refractory linings 
-non wetting behavior 
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Abstract 

The grit blasting is a low-cost technique successfully used to enhance mechanical fixation of the implants 
through increasing their roughness. As a result of the severe plastic surface deformation, it produces subsurface 
effects such as grain refinement, hardening and compressive residual stresses which are generally evaluated 
with destructive techniques. In this research work, non-contacting and contacting thermoelectric power 
measurements are performed in blasted 316LVM and TÍ-6A1-4V specimens using AI2O3 and ZxOi particles 
which yield a coarse and a fine rough surface, respectively. This study correlates the microstructural changes 
induced by the grit blasting treatment and the limitations and advantages of each of the nondestructive 
thermoelectric techniques based on the Seebeck effect used to evaluate these biomaterials. 

Introduction 

It is well known that surface properties play an important role in metallic materials used in bio-medical 
applications. Since the biological response is correlated directly with surface properties it is comprehensible the 
intense activity in superficial modification by physics or chemistry methods in this field. Grit blasting, one of 
the most popular surface modification of metallic biomaterials, enhances the mechanical fixation of the implant 
through the increase in roughness [1-3]. Roughening is developed by bombarding the surface with a high-
velocity jet of ceramic particles, being the final roughness a function of the processing parameters (pressure, 
distance, time,...) and blasting particles (nature, shape, size). As the plastically deformed surface layer tries to 
expand relatively to the intact interior of the specimen, residual compressive stress gradients develops 
perpendicular to the surface at shallow depths with a maximum value at a depth in the range of 5 to 60 urn. This 
surface treatment also may cause subtle variations in the subsurface material properties, such as increased 
hardness and grain size refinement, which are consequences of the significant plastic deformation through cold 
work. Blasted affected zones may extend to a depth of up to about 200 urn. The subsurface hardening and the 
near-surface compressive stress gradient play a beneficial role by retarding fatigue crack nucleation and further 
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growth, ultimately extending the fatigue life of the metallic part [4]. In this work, two non-destructive 
thermoelectric techniques (NDTT), the non-contacting and contacting thermoelectric power measurements were 
used to analyze the subsurface induced changes on blasted TÍ-6A1-4V and 316LVM specimens using AI2O3 and 
ZrÖ2 particles. Detailed information on the microstructural induced effects and subsurface mechanical 
properties were published elsewhere [5-8]. Here the nondestructive evaluation of the involved microstructural 
changes is used to assess the global subsurface damage. Advantages of using nondestructive techniques during 
manufacturing are envisaged. 

Thermoelectric Techniques 

Thermoelectricity is caused by coupled transport of heat and electricity in metals, which can be exploited for 
materials characterization [9], In general, the thermoelectric methods are based on the Seebeck effect that is 
commonly used in thermocouples to measure temperature. The contacting thermoelectric technique monitors 
the thermoelectric power (TEP) of metallic conductor materials, which is affected by the different types of 
defects present in the atomic lattice such as atoms in solid solution, precipitates and dislocations. A schematic 
representation of the contacting thermoelectric apparatus is given in Figure 1. The sample is placed between 
two blocks of a reference metal that are subjected to a temperature gradient. The TEP value of the sample is a 
measure of the magnitude of the induced potential difference at the metal contacts in response to the 
temperature gradient across the sample. Several parameters can affect the changes in TEP of the test sample to 
be inspected. The most important parameters affecting the thermoelectric measurements are those associated 
with volumetric and contact effects. The volumetric effect is close-related to the thermoelectricity phenomena 
by the kinetics of the diffusion of electrons throughout the material. This effect is mainly affected by chemical 
composition, different heat treatment, precipitation process, grain boundaries, texture and fatigue of the material 
[10,11], The contact effects are related to the imperfect contact between the test sample and the reference probe, 
amount of pressure applied to the probe, temperature of hot and cold junctions and probe material [12]. 

Figure I. Schematic diagram of the contacting thermoelectric technique as used 
for the characterization of grit-blasted samples. 

On the other hand, when the material gradient properties such as local plastic deformation, fretting, residual 
stress, localized texture, cold work, etc., occurs at the surface or subsurface region, the material properties 
variation can be detected more efficiently using the surrounding intact material as the reference electrode; thus 
providing a perfect interface between the region to be tested and the surrounding material [13-16]. This 
measurement process is called non-contacting thermoelectric technique in which the idea is to sense the weak 
thermoelectric currents around inclusions and other types of inhomogeneities or imperfections when the 
specimen to be tested is subjected to directional heating or cooling by using a high-sensitivity magnetic sensor 
as shown in Fig. 2. An external heating or cooling is applied to the specimen to produce a temperature gradient 
in the region to be tested. This leads to that different points of the boundary between the host material and the 
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imperfection will be at different temperatures, therefore also at different thermoelectric potentials. These 
potential differences will produce opposite thermoelectric currents inside and outside the imperfection. The 
thermoelectric currents form local loops that run in opposite directions on the opposite sides of the imperfection 
relative to the prevailing heat flux. These thermoelectric currents can be detected by magnetic sensing of the 
flux density B even when the imperfection is buried below the surface and the magnetic sensor is far away from 
the test sample. 

flitxgate grit-blasted 
y surface 

thermoelectric currents 

Figure 2. Schematic diagram of the noncontacting thermoelectric technique as 
used for the characterization of the grit-blasted samples. 

Experimental Method 

The 316 LVM austenitic stainless steel was supplied as a bar. Specimens of 20 mm in diameter and 2 mm thick 
were machined and grit blasted by the implant manufacturer (SURGIVAL, Valencia, Spain). Grit blasting was 
performed with two different types of particles under a pressure of 350 kPa for 2 min and the distance between 
the nozzle and the target surface was 20 cm. A first set of samples (Zirconia) was blasted using Zr02 embedded 
in silica vitreous phase microspheres sized between 125 urn and 250 μηι. The second set of samples (Alumina) 
was blasted with alumina angular particles A1203 of - 750 μιιι. On the other hand, a TÍ-6A1-4V alloy was used 
in this study. The samples were grit blasted with the following conditions: A first set of samples (Zirconia) was 
blasted using Zr02 embedded in silica vitreous phase microspheres sized between 125 μπι and 250 μπι. The 
second set of samples (Alumina) was blasted with alumina angular particles A1203 of- 500 μπι. In both cases, 
for comparative purposes unblasted samples were ground with consecutively finer SiC papers, and finely 
polished with diamond paste and colloidal silica (0.5 urn) to remove the slight layer of disturbed metal. 
The contacting TEP measurements were performed using a calibrated TECHMETAL thermoelectric contact 
apparatus The sample is pressed between two blocks of a reference metal (pure copper). One of the blocks is at 
15°C while the other is at 25°C to obtain a temperature difference, AT. A potential difference, AV, is generated 
at the reference metal contacts. The apparatus does not give the absolute TEP value of the sample (S*), but a 
relative TEP (S) in comparison to the TEP of pure copper (So*) at 20°C. The relative TEP value (S) is given by 
S= S*- So*= AV/AT. The measurements are performed very quickly (<1 min) and precisely (±0.5%), with a 
resolution of about 0.001 μΥ/Κ. 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 ~ 1.2°C/mm in all non-contacting TEP measurements, which is more than 
sufficient to produce detectable magnetic signals in grit blasted 316 LVM stainless steel and Ti-6A1-4V alloy 
samples. A pair of fluxgate sensors is used in a gradiometric arrangement in order to detect the thermoelectric 
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signals from the grit blasted zone. The inspection of the specimen is realized at the horizontal sensor 
polarization. The lift-off distance between the primary sensor and the sample surface is ~ 2 mm. 
In this work, the material properties that significantly change during grit blasting are investigated in order to 
establish how they individually and collectively affect the thermoelectric measurements. It is important to 
mention the interesting role that cold work could play in the surface treatment and obviously on the final 
interpretation of the results. It is well known that the principal change in the hardness due to cold work occurs 
simultaneously with the matrix-material recrystallization. On actual grit blasted specimens the residual stress 
and cold work effects can be best modified by chosen adequate heat treatments that simulate thermally activated 
stress release. In the present case, the blasted 316 LVM samples were annealed at 700°C for 2 min, 10 min and 
1 h, and subsequently, air-cooled down to room temperature. Moreover, the blasted TÍ-6A1-4V samples were 
annealed at 595 °C and 710 °C for lh and 2h respectively, and air-cooled down to room temperature. 

Results and Discussion 

Microstructural examination of the surface that blasting causes a severe surface plastic deformation that leaves a 
rough surface with an average roughness, Ra, of 0.9 urn and 6.7 urn for 316 LVM samples, and 0.12 μπι and 
5.43 urn for TÍ-6A1-4V samples, when blasting with Zirconia or Alumina, respectively. These differences 
should be understood within the framework of the specific features that distinguish the Ζ1Ό2 and AI2O3 
particles. As mentioned previously, the Z1O2 particles are rounded, whereas the AI2O3 particles are some three 
times larger and have a rough surface characterized by edge-like facets. Therefore, the Zirconia particles 
produce a more homogeneous deformation without grinding down the material, unlike the A1203 ones. As 
expected, contamination with ceramic particles, obviously remnants of the blasting particles, is also observed. 
In addition to the irregular rough surface morphology, grit blasting produces significant subtle microstructural 
variations that are consequence of the severe plastic deformation through cold work. As an example, Fig. 3 
shows representative cross sectional SEM images of the Alumina and Zirconia blasted 316LVM samples. 

a) b) 

Figure 3 . . Cross section SEM images of grit blasted 316LVM stainless steel 
samples using a) Alumina and b) Zirconia particles. 

All the 316LVM stainless steel and TÍ-6A1-4V samples were tested using the contacting and non-contacting 
thermoelectric techniques. TEP measurements with the contacting technique (Fig. 4) revealed an increase in the 
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relative TEP value of the 316LVM stainless steel blasted samples, Fig. 4a, with regards to the unblasted 
condition, with a somewhat higher value for the Alumina blasted samples. Annealing at 700°C caused a 
decrease in the relative TEP, being differences insignificant when increasing the soaking time. In the case of Ti-
6A1-4V titanium alloy samples, Fig. 4b, the relative TEP value of the blasted samples also increases with 
regards to the unblasted condition at the two types of blasted surfaces. The relative TEP decreased gradually 
after the first and second stress relaxation treatments. In both cases, after annealing the relative TEP value was 
still much higher than that corresponding to the unblasted conditions, which correlates well with the remaining 
hardness gradients and grain size refinement reported for the 316 LVM steel [17]. 

-7.5 

O -7 

a 
£L 

£-6.5 

i 
* -6 

-5.5-1 ÍL 
Figure 4. Relative TEP measurements of unblasted and blasted 316LVM 
stainless steel and TÍ-6A1-4V titanium alloy samples by contacting. 
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As can be seen from Fig 5, inspection of the unblasted samples did not reveal any TEP variation, irrespectively 
the application or not of heat treatments. Interestingly, 316LVM stainless steel blasted samples failed to reveal 
any change when using the non-contacting technique. This behaviour is related to the presence of a-martensite 
in the microstructure [5], The ferromagnetic nature of the martensitic phase can negatively affect the detection 
of the magnetic field produced by thermoelectric currents around the blasting affected zone. Annealing 
enhances the reverse (martensite -» austenite) transformation [18] recovering the magnetic field signal. Flux 
density decreased with increasing the soaking time and after 1 h was nearly identical to that observed for the 
unblasted specimens. After the first partial stress relaxation, the measured magnetic flux density decreased by 
~9 nT with the two different types of blasting processes using Zr02 and A1203 particles respectively. In 
comparison, on the second partial stress relaxation treatment at 700°C for 10 min the magnetic flux density was 
approximately - 82% lower. 

0 700X10 min 
■ 700eC1h 
D polished 

Lam 

s β S polished 

KS3 BM 

Figure 5. Relative TEP measurements of unblasted and blasted 316LVM 
stainless steel and TÍ-6A1-4V alloy samples by noncontacting. 
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In the case of TÍ-6A1-4V alloy samples, the flux density increased significantly ~7 nT and ~11 nT when using 
Z1O2 and AI2O3 particles, respectively. Then, the flux density decreased gradually after the first stress relaxation 
treatment (595°C/lh). Finally, on the second stress relaxation treatment (700°C/2h), the flux density was 
reduced to a value similar to that of the unblasted conditioa Correlation with the microstructural analysis and 
microhardness measurements indicated that such evolution of the flux density exclusively corresponds to the 
relaxation of the compressive residual stresses [17]. 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. The poor sensibility of the contacting TEP measurements to the 
simultaneous stress relaxation can be explained by the fact that the microstructural changes occurs mainly at the 
subsurface of the specimen, while this technique averages material properties throughout the entire thickness of 
the sample. 

Conclusions 

It has been found that the contacting and non-contacting thermoelectric techniques are associated directly with 
the subtle material variations such as grain size refinement, work hardening and compressive residual stresses 
due to plastic deformation produced by grit blasting. In the case of the blasted 316 LVM, the TEP 
measurements clearly demonstrate that the non-contact NDTT technique is very sensitive to the reverse 
transformation of the α'-martensite and the expected relaxation of compressive residual stresses with increasing 
the severity of the thermal treatment, while the contact NDTT results are closely related to the grain size 
refinement and work hardening. In general, the contacting and non-contacting thermoelectric techniques clearly 
demonstrated that the thermoelectric power measurement is a valuable intrinsic material property to 
microstructural assessment. 
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Abstract 

Aluminum metal-matrix composites are lightweight materials that have the potential to 
supplant steel in many applications. The current work helps to identify the parameters that 
confer maximal strength and ductility. Torsion tests were performed on the as-cast 
aluminum metal-matrix composite A359-SiCp-30% at a variety of temperatures and twist 
rates. Dependence of material properties on temperature and strain rate were identified 
from equivalent stress-strain curves constructed from the reduced data. Examination of the 
microstructure was performed on the as-cast material and on fracture surfaces. A 
temperature- and strain rate-dependent constitutive model was applied to simulation of the 
mechanical response of the torsion specimen. Trends in material properties corroborate and 
extend trends identified previously under tensile loading with regard to temperature and 
strain rate dependence. Shear properties of simulated specimens agree with properties 
obtained through experimentation. 

Introduction 

Aluminum metal-matrix composites (Al-MMCs) have become increasingly popular in 
recent years. While unreinforced aluminum alloys have low densities and high ductilities, they 
are not suitable for many applications due to their lack of strength and stiffness. To provide 
added strength and stiffness while maintaining favorable densities, it has become common to 
reinforce aluminum alloys with silicon carbide in various forms, although usually the inclusions 
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are in the form of whiskers or particles. The result is a composite material with superior specific 

strength and stiffness. While whisker-reinforced composites are expensive due to the necessity 

of processing by nonstandard techniques and have low transverse properties when rolled, particle 

reinforced Al-MMCs have transverse material property values almost as high as the longitudinal 

properties and are not as expensive to process as whisker-reinforced Al-MMCs [1]. 

As-cast sheets of silicon carbide particle-reinforced Al-MMC are rolled at elevated 

temperatures to improve the mechanical properties of the resulting sheet. During this process, 

material is lost due to edge cracking, in which lateral expansion at the transverse edges of the 

billet results in the formation of cracks. Cracked material must be removed before further 

rolling. Additional cost savings can be attained in the processing of particle-reinforced materials 

through the reduction of edge cracking. 

The rolling process imparts compressive and torsional stresses on the rolled material. 

Under the assumption of isotropy, previous work by the authors sought to characterize the tensile 

response of a candidate Al-MMC at elevated temperatures and various strain rates in order to 

predict material response during rolling. In the current work, investigation is expanded to the 

torsional response of specimens of as-cast A359-SiCp-30%. Study of the response of small 

samples of the as-cast material under carefully controlled conditions provides insight into the 

determination of parameters for the hot rolling process such as roll rate, roll temperature, 

reduction ratio, and so on, as noted in [2]. Hot working simulation tests include tensile testing, 

uniaxial compression, cam plastometer testing, and torsion testing. Tensile testing and 

compression suffer from limiting instabilities of necking and barreling, respectively, while 

compression and cam plastometer testing do not allow determination of limits to workability. 

Hot torsion has no limiting instability, and materials may be tested under torsion to failure [2]. 

For these reasons, torsion testing is often considered the best choice for testing hot workability. 

While identification of the material properties at various temperatures and strain rates is 

in itself useful for increasing the efficiency of the rolling process, further insight is gained by the 

incorporation of microexamination of fracture surfaces and numerical modeling. 

Microexamination may reveal the mechanisms responsible for material failure and can provide a 

microstructural explanation for improvements in material properties under various conditions. If 

failure mechanisms are temperature or strain rate dependent, this dependence may be evident in 

features or patterns identified through microexamination. Numerical modeling provides 
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predictions of material response at temperatures and strain rates between those studied. 

Furthermore, if a constitutive model may be identified which provides a sufficiently accurate 

representation of material response under a variety of load configurations, temperatures and 

strain rates, it is possible to create a computational model of the rolling process, and a parametric 

study may be performed to identify the influence of temperature, strain rate, and other rolling 

parameters on the stresses and strains that result in the rolled sheet. 

The remainder of this study is organized as follows. In Sec. 2, the experimental 

procedures employed for torsion testing, microexamination of fracture surfaces, and data 

reduction are described. In Sec. 3, a computational model of the mechanical response of the 

candidate material under torsion testing is developed. In Sec. 4, results of torsion experiments, 

microexamination, and numerical modeling are analyzed. Section 5 provides conclusions and 

avenues for future work. 

Experimental Procedure 

The material under examination is the aluminum metal-matrix composite A359-SiCp-

30%. Aluminum metal-matrix composites are valued for having high specific stiflhess and a 

high strength-to-weight ratio. The matrix alloy, A3 59, is a high-silicon cast aluminum. Its 

chemical composition is given in Table 1. Previous studies of the composite or similar materials 

have addressed torsion [3], fracture [4], [5], [6], high-strain rate conditions [7] (compression), [8] 

(compression), [9] (tension), and creep [10], [11], [12]. However, previous studies have not 

examined the material as cast. 

Table 1: Chemical composition of A3 59 
Si 

9.45 
Fe 

0.11 
Cu 

<0.006 
Mn 

<0.05 
Mg 
0.67 

Zn 
O.05 

Sn 
0.02 

(Trace) 
0.2 

Al 
BaL 

The microstructure of the composite shows four main regions: (i) solid solution fee 

aluminum, (ii) α-SiC, (iii) eutectic silicon, and (iv) precipitates and dispersoids rich in 

magnesium and iron. The average size of silicon-carbide reinforcement particles is 17±5 urn, 

which is in agreement with measurements conducted in [13]. Distribution of silicon-carbide 

particles is non-uniform in the as-cast material, with some particle clustering and also some 
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regions sparse in particles. The uneven distribution may be attributed to a combination of 

solidification shrinkage and incomplete infiltration. Figure 1(a) shows the arrangement of SiC 

particles within the matrix in a sample region. Figure 1(b) shows the presence of eutectic silicon 

in the A359 matrix. 

Figure 1; Microstructure of as-cast A359-SiCp-30% 

A series of mechanical tests were performed in order to provide data regarding the 

response of the candidate material to torsion loadings under a variety of conditions. This 

information is used in the characterization of the behavior of the material in general, as well as to 

establish correlations with previously-performed tensile experiments and computational results. 

Unprocessed slabs of material were machined by an ISO-9001 compliant facility into specimens 

with a 2.0 inch (50.8mm) long and 0.25 inch (6.35mm) diameter gage section. Additional 

relevant dimensions are illustrated in Fig. 2. 

Monotonie torsion tests were conducted under a variety of temperatures and strain rates. 

A total of 14 specimens of the as-cast material were tested in a static lab air environment on an 

MTS Bionix electromechanical load frame. Frame alignment was verified by the system 

manufacturer before testing, as an international standard has not yet been set. Torque and twist 

levels during each experiment were controlled and logged by an MTS Bionix control and 

acquisition system linked to a PC running MTS Systems TestWorks4 software. Temperature 

was maintained to within 1°F (0.55°C) of the target temperature in the middle of the gage section 

during elevated temperature testing, illustrated in Fig. 3. 
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Figure 2: Torsion specimen dimensions 

A resistance-type furnace manufactured by the Mechanics of Materials Research Group 

(MOMRG) lab at the University of Central Florida (UCF) provided heat. Heat application was 

regulated via a thermocouple and Watlow temperature controller coupled to a programmable 

Xantrex power supply. 

Monotonie tests were conducted by applying twist rates that matched equivalent strain 

rates of 10"5 s"\ 10"2 s"1, and 10"1 s"1 at the effective radii. Specimen ends were free to strain 

axially without restraint or load. Experiments were conducted at both room temperature and 

elevated temperatures. A standard for this specific torsion application is not yet available, but 

testing complied with specifications from similar ASTM standards E143 [14] and A938 [15]. 

Elevated temperature testing was performed at 97.2°C (207°F), 181.7°C (359°F), 315.6°C 

(600°F), 329.4°C (625°F), 343.3°C (650°F), 357.2°C (675°F), and 537.8°C (1000°F). High 

temperature test procedures conformed to suggested heat soak times and other guidelines from 

ASTM standard E21 [16]. 

For the purposes of simulation of the torsion tests, it was necessary to determine whether 

a non-uniform temperature distribution along the length of the specimen had an influence on 

simulated results; to this end, temperatures were recorded every 6.35 mm (0.25 in) along the 

specimen surface by thermocouples for three different target temperatures: 316°C (600°F), 

399°C (750°F) and 538°C (1000°F). The resulting distributions are shown in Fig. 4. 
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Figure 3: Profile of mechanical test specimen, heater, and extensometer 
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Figure 4: Temperature distributions along torsion specimen surface at specified target 
temperatures. 
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Torsion experiments provide measurements of torque and twist, which must be converted 

into quantities for shear stress and strain prior to application in the calibration or testing of 

constitutive models. The method applied in the current work was introduced by Barraclough et 

al. in 1973 [17]. It involves the introduction of an effective radius for calculation of strain and 

strain rate. The shear stress is computed as 
3 M m 

where M is the torque measured at the load cell and R is the specimen radius in the gage section. 

The shear strain is estimated to be 

Υ = γθ (2) 

where ref = 0.724/? is the effective radius, Θ is the angle of twist measured at the grip, and L is 

the length of the gage section. The von Mises criterion is used to convert shear quantities into 

equivalent tensile quantities, so that 

3V3M 
°eq " 2nR* 

is the equivalent stress, and 

(3) 

€«m&9'é«m%Lé (4) 

are the equivalent strain and strain rate, respectively. Twist rates for torsion experiments were 

set to provide a specified equivalent strain rate by application of the above rate equation. 

Equivalent stress-strain curves were used to identify equivalent material properties for 

comparison with results obtained previously through tensile testing. 

Computational Modeling 

To study the hot rolling of as-cast A359-SiCp-30%, it is necessary to understand the 

behavior of the material at arbitrary temperatures and strain rates in the range of interest. To this 

end, a constitutive model was developed which is both temperature- and strain rate-dependent. 

The model is based on classical Perzyna viscoplasticity [18]. Elastic behavior is linear; since the 

equivalent Young's modulus under torsion did not show significant temperature dependence, the 

modulus for the model was defined to be the average modulus determined for all experiments 

performed under torsion. Inelastic response is assumed to be nonlinear, isotropic, temperature 

457 



dependent and strain rate dependent, with an onset yield strength which is temperature dependent 

at low temperatures and temperature and strain rate dependent at high temperatures. 

The flow stress is based on that of Zhou and Clode [19]. It is defined as 

#0; <W T) Ä °ys(*a*g> Ό + °zc{*'> ¿avg. T) (5) 

where a is the equivalent plastic strain, aavg is the average strain rate, and T is the temperature 

in Kelvin. The yield strength ays is to be determined and 

*xc - C[l - exp(-fca)] sinh"1 [ßcrm exp ( ^ ) ] (6) 

is the von Mises stress of the Zhou-Clode model. The hardening parameter b in the above is 

assumed to depend on the temperature-compensated strain rate, Ze = é exp (—J, as follows: 

b - abZ
ß
e
b (7) 

In order to complete the model, several parameters must be determined. These 

parameters, along with their influence on the resulting model, are shown in Table 2. The 

parameters were calibrated to provide the best model for the candidate material by extracting 

material properties from a series of tensile tests, as described in (DeMarco, Uribe-Restrepo, Karl, 

Sohn, & Gordon). The tests performed to calibrate the model are listed in Table 3. Properties of 

the as-cast A1MMC were determined at several temperatures and strain rates. 

The yield strength model constructed for tension and described in (DeMarco, Uribe-

Restrepo, Karl, Sohn, & Gordon) was not an effective predictor of yield strengths under torsion. 

Despite an RMS error of only 6.72% between the predicted and observed tensile yield strengths, 

the RMS error between predicted and observed equivalent torsional yield strengths was 27.9%. 

Therefore an improved model was defined which incorporated yield strength data for both the 

tension and the torsion tests. The improved model produced an RMS error of 11.49% for tension 

and 8.61% for torsion. The yield strength was defined to be a bilinear function of the absolute 

temperature and the equivalent strain rate for temperatures below 316°C (589K) and to follow an 

inverse exponential rule for temperatures above 589K. The revised equation for the yield 

strength is thus 

f ct + c2é + c3T, T < 589 

^ ( r ' é ) = {(c1 + c2¿ + 589c3).(l-eXp(-^)), T > 589 « 
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where T is the temperature in Kelvin, é is the equivalent strain rate, and cx through c5 are 

constants to be determined to provided the best fit to experimental data. The inverse exponential 

form for the model at temperatures above 589K is to account for the observed yield strengths for 

tests performed just above 589K, which show a rapid decrease in yield strengths above this 

temperature. 

The yield strength model constructed for tension and described in (DeMarco, Uribe-

Restrepo, Karl, Sohn, & Gordon) was not an effective predictor of yield strengths under torsion. 

Despite an RMS error of only 6.72% between the predicted and observed tensile yield strengths, 

the RMS error between predicted and observed equivalent torsional yield strengths was 27.9%. 

Therefore an improved model was defined which incorporated yield strength data for both the 

tension and the torsion tests. The improved model produced an RMS error of 11.49% for tension 

and 8.61% for torsion. The yield strength was defined to be a bilinear function of the absolute 

temperature and the equivalent strain rate for temperatures below 316°C (589K) and to follow an 

inverse exponential rule for temperatures above 589K. The revised equation for the yield 

strength is thus 

{ cx + c2é + c3T, T < 589 

fe + ^ + S W e ^ - e ^ - ^ ) ) . 7>589 ™ 
where T is the temperature in Kelvin, é is the equivalent strain rate, and ct through c5 are 

constants to be determined to provided the best fit to experimental data. The inverse exponential 

form for the model at temperatures above 589K is to account for the observed yield strengths for 

tests performed just above 589K, which show a rapid decrease in yield strengths above this 

temperature. 

The Levenberg-Marquardt algorithm was used to identify the flow stress parameters C, 

B, m, and Q that provide the best fit to strain rate and temperature dependence data. Since the 

flow stress is not activated until the yield strength is reached, the saturated stress level of the 

flow is identified with the difference between ultimate strength and yield strength. This 

difference may be obtained from the material properties extracted through tensile testing at 

different temperatures and rates. The Levenberg-Marquardt algorithm may then be applied to 

the data triples (T, έ, συτ5 - ays) over the set of temperatures and rates tested. 
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m (unítless) 507.97 

Table 2: Constitutive modeling constants for Zhou-
Clode inelasticity model, as identified via tensile testing 

Parameter Units Value Significance 

Scaling 
factor for 

temperature-
compensated 

strain rate 
(TCSR) in 

strain 
hardening 
coefficient 

Scaling 
factor for 
combined 

effect of rate 
and 

temperature 

1.202 

Exponent for 
TCSR in 

ß, (unitless) 0.003 IS strain 
hardening 
coefficient 

MPa 15.06 

Scaling 
factor for 

stress; does 
not affect 

rate or 
temperature 
dependence 

M (unitless) 0.11SS 

Exponent for 
combined 

effect of rate 
and 

temperature 

J/mol 175752.75 

Exponent 
that 

differentiates 
effect of 

temperature 
from rate 
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Table 3: Tensile experiments 
performed on A359-SiCp-30% 

Spec. Temp., T Strain Rate, 
ID (°F(°C)) αε/άΐ^-1) 

TE10 

TE02 

TEH 

TE05 

TE03 

TE04 

TE06 

TE07 

TE08 

68 (20) 

68 (20) 

68 (20) 
600 

(316) 
600 

(316) 
600 

(316) 
1000 
(538) 
1000 
(538) 
1000 

io-2 

io-3 

IO"5 

IO"2 

IO"3 

IO5 

IO"2 

IO"3 

IO"4 

A user-programmable feature (UPF) in the ANSYS finite element suite was created to 

implement the model. The discrete version of the Perzyna formulation with the flow stress as 

specified above was implemented on the basis of algorithms given in Simo and Hughes [18] for 

nonlinear isotropic/kinematic J2 plasticity and linear isotropic/2 viscoplasticity. 

To study the mechanical response of the test samples, a 3D model of the torsion specimen 

was constructed in ANSYS. Exact dimensions of the machined specimens were used. Geometry 

was created by rotation of a plane drawing of a radial slice of the test specimen, and twenty-node 

SOLID 186 elements were chosen to provide a regular pattern for the mesh. In actual tests, test 

specimens are gripped by chucks at the grip section. One end is axially fixed, and rotation is 

applied at this end. The other end is free to move axially, and torque is measured by a transducer 

at this end. Accordingly, for the computational model, the fixed end was established by setting 

all displacements to zero on one end of the specimen. Axial displacements at the free end were 

unconstrained. The free end was prevented from expanding radially by imposition of a pressure 

on the surface of the grip section. The pressure was arbitrarily chosen to be 40 MPa, which is 

between 30% and 70% of the material's yield strength at the temperatures and strain rates of 
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interest, This was found to be sufficient to minimize radial expansion while avoiding plastic 

deformation at the grip. Rotation was applied at the free end through the use of the ANSYS 

node-to-surface contact algorithm. A pilot node was defined along the specimen axis exterior to 

the specimen, and target nodes were set to be all nodes on the transverse surface of the free end. 

Through the resulting multipoint contact (MPC) elements defined internally by ANSYS, a 

rotation applied at the pilot node was conveyed to the transverse surface nodes, resulting in a 

rotation about the specimen axis. Simulations consisted of applying a rotation at least as large as 

the rotation associated to maximum torque for the specimen under consideration. The geometry, 

mesh and boundary conditions are illustrated in Fig. 5. 

Probe node at 
midplane surface Pressure (< -ays) 

X (out off 

t Pilot node 
All nodes at y=0 constrained applies twist 

Figure 5: Image of ANSYS model geometry and mesh for torsion specimen 

As noted in the previous section, temperature distributions along the specimen length 

were determined at each of three target temperatures. The resulting data were fitted by a 

function 

T = T(T0,y) (9) 

where f 0 is the target temperature and y is the axial distance in millimeters from the fixed end of 

the specimen. For \y — 50.8| < 19.05, the distribution is defined by a best-fit surface to the 

temperature distribution data obtained at the target temperatures and a constant distribution 

imposed at room temperature, i.e., 20°C (68°F). This region corresponds to the gage section of 

the specimen, which is fully enclosed by the furnace. The temperature distribution is defined to 

be quadratic in y and T0 in this portion of the specimen. For 19.05 < \y - 50.8| < 50.8, a 

similar approach is taken, with the resulting distribution defined as the maximum of 20°C (68°F) 

and a best-fit function to the temperature distribution data and a constant distribution imposed at 
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room temperature which is linear in y and quadratic in Γ0, and which is required to produce the 

same temperature at |y — 50.81 = 19.05 as the distribution obtained in the gage section. The 

surface fits were obtained via user fiinctions created in TableCurve3D. The surface and data 

points for the gage section are shown in Fig. 6. The temperature distribution is defined in such a 

way that the user of the simulation software needs to specify only the target temperature, and the 

distribution is imposed automatically. For simulations below 24°C (75°F), the distribution is 

defined to be constant. 

Figure 6: Temperature distribution fit. 

Results 

Experiments performed on A359-SiCp-30% on the MTS Bionix torsion load frame 

resulted in torque and twist histories for each temperature and twist rate configuration studied. 

These histories were used to construct torque-twist, shear stress-strain, and equivalent stress-

strain diagrams for each specimen. Shear and equivalent data were obtained by the method 

described in Sec. 2. The matrix of tests performed and material properties obtained under torsion 

is shown in Table 4. The resulting equivalent material properties were plotted against equivalent 
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strain rate and temperature and compared to tensile material properties obtained previously (see 

Table 3). 

Table 4; Equivalent material properties of A359-SiCp-30% identified through torsion testing 

leeimcn 
ID 

"5 
Cl 
C3 
C19 
C20 
C5 
C18 
C4 

C27 
C25 
C24 
C23 
C21 
C22 

Temperature 
rccF)) 

20(68) 
20(68) 
20(68) 

97 (207) 
182(359) 
316(600) 
316(600) 
316(600) 
357 (675) 
343 (650) 
329(625) 
538(1000) 
538(1000) 
538(1000) 

Equivalent 
Strain 

Rateis"*) 

io·2 

10·1 

10's 

10'5 

io-5 

lo-2 

ισ1 

io-5 

10"5 

10'5 

IQ"5 

io·2 

10'1 

Equivalent 
Young's 
Modulus 

(MPa) 

72 
80 
90 
75 
77 
75 
61 
88 
70 

64 
61 
72 
65 

Equivalent 
0.02%-Offset 

Yield 
Strength 
(MPa) 

100 
102 
113 
115 
99 
101 
109 
122 
87 
92 
73 
62 
62 
90 

Equivalent 
Ultimate 
Strength 
(MPa) 

234 
241 
254 
225 
194 
194 
181 
227 
187 
150 

131 
103 
104 
194 

Equivalent 
Strain to 
failure 

(mm/mm) 

0.0162 
0.0233 
0.021 
0.016 
0.0138 
0.0161 

0.0086 
0.0171 
0.011 
0.0141 
0.0119 
0.0121 
0.0218 
0.0287 

Shear stress-shear strain curves produced from the reduced data show marked differences 

at varying strain rates and temperatures. In Fig. 7, it may be observed that temperature has a less 

pronounced effect on the shear response when the strain rate is high, which indicates an 

interaction of the strain rate and temperature dependences. Fig. 8 shows that, conversely, 

increased temperature leads to greater variation of the stress response with strain rate. 

It is possible to identify further trends in the mechanical response through comparison of 

material properties obtained through torsion and tension testing at different strain rates and 

temperatures, Plots of the dependence of various properties on strain rate are shown in Fig. 9, 

and dependence on temperature is shown in Fig. 10; trends noted in the material properties are 

discussed below. 
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Shear Strain, γ 

J/ « . _ ~ 316eC«00*F (C4) 
538eC/1000T <C22) 
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1 "Ί 

1—~~· -T ' 1 

0.01 0.02 0.03 0.04 

Shear Strain, γ 

Figure 7: Torsion behavior of as-cast A359-SiCp-30% at various temperatures at a strain rate of 
(a) lO"5 s'1, (b) IQ-1 s'1 
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0.02 0.03 0.04 

Shear Strain, y 
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140 

120 

Material: A359-SiCp-30% 
Temp: 538eC (1000°F) 
Mode: Torsion 

10-ν*(Ο22) 
10*s~1(C21) 
10f*t*1(C23) 

0.00 001 0.02 0.03 0.04 

Shear Strain, γ 

0.05 0.06 

Figure 8: Torsion behavior of as-cast A359-SiCp-30% at various strain rates at temperatures of 
20ÖC (68°F) and 538°C (1000°F) 
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.5 «4 -3 -2 -1 

Log(Strain Rate) (s*1) 

«5 -4 ~3 -2 -1 

Log(Strain Rate) (s"1) 

Figure 9: Dependence of equivalent material properties on strain rate for tension and torsion; 
filled symbols represent tension, empty symbols torsion. 
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Figure 10: Dependence of equivalent material properties on temperature for tension and torsion; 
filled symbols represent tension, empty symbols torsion. 

Elastic modulus clearly decreased at high temperature under tension, although the 

equivalent elastic modulus determined in torsion showed little if any consistent decrease with 

temperature. Equivalent elastic moduli remained around 72±15 GPa at all temperatures. In 

neither torsion nor tension did the elastic modulus show a consistent trend with strain rate. 

The 0.02%-offset yield strength [20] was chosen to mark the onset of plasticity, due to 

the low ductility of the material at low temperatures. Yield strengths increased consistently with 
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strain rate at high temperatures only under tension. Under torsion, yield strengths were flat 

between 10"5 s"1 and 10"2 s"1 but increased at all three temperatures studied between 10"2 s"1 and 

10"1 s"\ Yield strength increase at high strain rate was slight at 20°C (68°F) and substantial at 

538°C (1000°F). Of more interest is the trend in yield strength with temperature. Under both 

tension and torsion and at all rates studied, 0.02%-offset yield strengths peaked near 316°C 

(600°F). Increases between 20°C (68°F) and 316°C (600°F) were less substantial under torsion 

than under tension, but the trend is still apparent. Yield strengths dropped off significantly above 

316°C (600°F) under both load scenarios. 

Despite the peak in yield strengths in the vicinity of 316°C (600°F), ultimate strengths 

nevertheless generally decreased with increasing temperature for the temperatures and rates 

studied. Exceptions to this occurred at 20°C (68°F) at strain rates of 10"5 s"1 and 10'2 s"1 under 

tension. However, early failure of the specimen (prior to stress saturation) is the probable cause 

for these exceptions, as the material is rather brittle at low temperatures and is therefore more 

prone to rupture, particularly at high strain rates. As a function of strain rate, ultimate strengths 

followed the trends identified for yield strengths. A consistent increase in ultimate strength with 

strain rate was observed only at high temperature under tension, and ultimate strength was flat 

with increasing rate up to 10"2 s'1, with temperature-dependent increases at 10"1 s"1. The increase 

in ultimate strength between 10"2 s"1 and 10"1 s*1 for elevated temperatures was much larger than 

the increase in yield strength in this range of strain rates. 

Failure strain was defined to be the strain level attained at the last data point prior to a 

50% or greater drop in the stress below the ultimate stress level. Although wide scatter in failure 

strain data as a function of strain rate was observed under both torsion and tension, a general 

trend of increasing failure strain with strain rate was noted particular for elevated temperature 

torsion. With the exception of the same cases of early failure noted with regard to ultimate 

strengths at room temperature, failure strains at all rates reached a minimum around 316°C 

(600°F). Particularly at the higher strain rates for each test regime, failure strain increased 

substantially between 316°C (600°F) and 538°C (1000°F). 

Simulated shear stress-strain curves were obtained in two ways. The first method was to 

capture the data at a surface node on the lengthwise midplane of the specimen at each step of the 

simulation. The location of the node used for data capture is shown in Fig. 5. The second 

method was to obtain time histories of the y-axis rotation and y-axis reaction torque at the pilot 
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node, which were then converted by standard mechanics of materials formulas to shear stress and 

strain histories. 

Simulations were performed both with and without the imposition of temperature 

distributions discussed in the previous section; in the latter case, the temperature at all nodes was 

set to the target temperature regardless of position. Figure 11 shows simulated and experimental 

shear stress-strain curves for tests performed at 538°C (1000°F) and an equivalent strain rate of 

10"2 s4. The simulated stress levels obtained under a distributed temperature distribution were 

nearly the same in all cases examined. It is noted that the model was calibrated under the 

assumption of constant temperature via tensile testing in which a similar furnace was used to 

heat the specimen. Since a similar temperature distribution to that identified in the torsion 

specimens may be presumed for the tension experiments, it may be expected that calibration 

performed by the aid of data obtained from such experiments under the constant-temperature 

assumption should be no less accurate for the torsion tests under a constant temperature 

assumption than for tests simulated with a temperature distribution in place. Furthermore, the 

temperature distribution is dependent on the specimen geometry, specifics of the furnace, and 

possibly other factors; therefore any distribution obtained in the current study may differ from 

those obtained elsewhere, so that findings based on a temperature-distributed model may not be 

considered to be general. On the basis of these considerations, the remainder of the results 

described in this section are obtained using a constant temperature distribution throughout the 

specimen. 

Data obtained by direct acquisition of shear stress and strain at the specimen surface at 

the midplane of the gage section were found to be in better agreement with experimental data in 

the hardening portion of the shear stress-strain curve than data obtained through reduction of 

torque twist data obtained at the pilot node. While saturated stresses obtained by either method 

were nearly the same, in the hardening portion of the curve shear strains obtained through 

reduction were lower than those obtained directly in the gage section, as may be seen in Fig. 12. 

Since in most cases experimental data were fit better by the directly-captured shear stress-strain 

data than the data obtained through reduction of torque and twist from the pilot node, the 

remainder of the simulation results presented here are obtained directly from the gage surface. 
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Figure 11: Comparison of shear stress-strain curves obtained with and without temperature 
distribution imposed on specimen. 

Shear stress and von Mises stress contours at saturated stress were obtained at the 

specimen surface and at a transverse cross section at the midplane of the specimen. The shear 

and von Mises contours at the specimen surface for a simulation performed at 538°C (1000°F) 

and an equivalent strain rate of 10"2 s"1 are shown in Fig. 13. The contours were obtained after a 

rotation of 0.5 rad. It may be observed that the von Mises stress is essentially uniform in the 

gage section, does not depend on angle, and reduces as the radius expands throughout the rest of 

the model. Shear stress is also maximum in the gage section, although since the xy-component 

was chosen to represent shear stress, the value at a given point on any circumference depends on 

its angle with respect to the x-axis. Cross section contours at the specimen midplane are shown 

in Fig. 14 for the same test conditions. The cross section for von Mises stress shows that the 

stress is saturated or nearly saturated throughout most of the specimen, and drops quickly to zero 

in the interior closest to the specimen axis, where the amount of circumferential displacement is 

relatively low. 
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Figure 12; Comparison of shear stress-strain curves obtained directly from gage surface and by 
reduction of pilot-node torque-twist data. 

Simulations of torsion tests were performed at constant temperatures of 20°C (68°F), 

316*C (600°F) and 538ÓC (1000°F) and at equivalent strain rates of 10-5 s"\ 10"2 s"1, and 10"1 s'1, 

and the resulting shear stress-strain curves were plotted on the same sets of axes, along with 

experimental data. Figure 15 shows that while the simulated response diverges somewhat from 

the experimental results in the hardening portion of the curve, the simulations reliably reproduce 

acceptable approximations of the ultimate stress at each temperature. Simulations performed at 

the highest temperature studied, at which strain rate dependence is expected to be most 

significant, show that the rate dependence is captured well at rates which were used to calibrate 

the model, while underestimating the stress levels obtained at the highest rate, as may be 

observed in Fig. 16. It may also be seen that the shape of the hardening curves match well for 

the two lower*rate cases. In general, however, hardening was seen to occur at a greater rate in 

simulations than in actual tests. A difference in the rates of hardening in torsion versus tension 

testing has been observed repeatedly, as noted in [2], and may be due to a difference in the 
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effective strain rate under torsion as opposed to tension. Since rate dependence of the hardening 

parameter was calibrated under tension for the numerical model employed, the greater rate of 

hardening observed in simulations may be explained by the adherence of the model to hardening 

rates observed under tension. 

Conclusions 

Torsion experiments were performed on the as-cast aluminum metal-matrix composite 

A359-SiCp-30% at a variety of temperatures and twist rates. The torque and twist histories 

obtained from the test apparatus were reduced to shear and equivalent stress and strain histories 

by application of the effective radius and von Mises equivalents. Stress-strain diagrams were 

constructed for the shear and equivalent quantities. These were used to determine equivalent 

material properties for the material, which were compared with properties previously obtained 

through tensile testing. The strain rate and temperature dependence of material properties were 

analyzed to determine trends. 

A numerical model which was defined and calibrated to simulate the tensile response of 

the material was applied to simulate torsion tests at various twist rates and temperatures. The 

mesh used in simulations was a 3-D replica of the torsion specimen, and simulations were 

conducted with and without the imposition of experimentally-determined temperature 

distributions. Imposition of the temperature distribution was not found to improve accuracy of 

simulations. Shear stress-strain data was captured at the model specimen gage surface and also 

through the reduction of torque-twist data obtained from the pilot node used to twist the free end 

of the specimen model. Data obtained directly from the gage surface was found to provide shear 

stress-strain curves more closely aligned with experimental data than those obtained by reduction 

of torque-twist data at the pilot node. Simulated shear stress-strain curves produced under 

varying temperature and strain rate conditions sufficiently matched trends in experimental data to 

allow prediction of material response at intermediate temperatures throughout the range of 

temperatures studied, and at intermediate strain rates in the 10"5-10"2 s"1 range. 
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Abstract 

The creep properties of tin-based lead-free solders Sn3.0Ag0.5Cu and SnO.7CuO.lNi and lead 
solders 10Sn90Pb and 50Sn50Pb were investigated at temperatures between 298 K and 398 K. 
The creep-rupture time decreases with increasing initial stress and temperature. The analysis of 
the solder creep curves uses the Omega method. The creep rate έ is expressed by following 
formula: Ιηε = 1ηε0 4- Ωε, where έ0 and Ω are experimentally determined. The parameter ¿0 
increases with increasing initial stress and temperature. The activation energy for ¿0 is 108 
kJ/mol for Sn3.0Ag0.5Cu and 85 kJ/mol for SnO.7CuO.lNi. These energies suggest that the 
lattice diffusion of tin is dominant. The energy of 10Sn90Pb is 37 kJ/mol and that of 50Sn50Pb 
is 67 kJ/mol. The creep-rupture time is calculated using the parameters, έ0 and Ω. The calculated 
creep-rupture time is in good agreement with the measured creep-rupture time. 

Introduction 

Lead-free solders are replacing traditional tin-lead solders as part of a major trend toward 
protecting the earth's environment. However, tin-lead solders are currently needed for a high 
temperature range. Since creep is the main deformation mechanism in solder joints, 
understanding a constitutive model for creep and examining creep data for solders are important 
for reliability analysis of solder joints. A steady-state creep equation is generally used for solders 
[1,2], and it supposes that the secondary-, or minimum-, creep rate occupies the entire creep life. 
However, secondary creep accounts for only about 15 % to 40 % of the entire creep life for 
solders. Thus, the equation may not represent the entire creep life. 
Certain parametric methods [3,4] have been used to predict the creep-rupture time of the solders. 
The physical significance of the parameters appearing in these parametric methods is not clear 
because they are usually determined based on creep-rupture data under a constant load. As an 
alternative to parametric methods, a modified theta-projection concept [5] can be determined by 
fitting a creep curve under constant stress for a specific equation. However, the creep curve 
expressed by the modified theta-projection concept is not well described near the failure point, 
and it underestimates the rupture strain. 
In this study, the Omega method [6,7], which was developed to deduce the state equation for 
creep under a constant load and to predict the creep-rupture time, is applied to the analysis of 
creep curves of tin-based and lead-free solders [8]. The adaptability of the method to the creep 
deformation of tin-based lead-free solders Sn3.0Ag0.5Cu and SnO.7CuO.lNi and lead solders 
10Sn90Pb and 50Sn50Pb was also investigated. The Sn3.OAgO.5Cu solder is one of the earliest 
commercially available lead-free solders. The SnO.7CuO.lNi solder is expected to be a low cost 
solder because it does not include precious metals such as tin-silver alloys. 
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Experimental 

Specimen Preparation 
The creep specimen was machined from a cylindrical ingot, 130 mm long and 30 mm in 
diameter. Table I shows the chemical composition of the solders used in this study. The 
composition was analyzed by X-ray fluorescence analysis. The dimension of each creep 
specimen was 25 mm in gauge section and 7.5 mm in diameter. The shape and dimensions of a 
creep specimen are shown in Figure 1. Each specimen was subjected to 2 hour of heat treatment 
at a temperature corresponding to approximately 82 % of the melting point of the solder. The 
heat-treatment temperatures for 10Sn90Pb, 50Sn50Pb, Sn3.0Ag0.5Cu, and SnO.7CuO.lNi are 
440,374,400, and 410 K5 respectively. 

Table I. Chemical Composition of Tested Lead-Free Solders (M 

10Sn90Pb 
50Sn50Pb 

Sn8.0Ag0.oCu 
SnO.7CuO.lNi 

Ag 
N.D. 
N.D. 
2.7 

N.D, 

Cu Zn 
N.D. N.D. 
N.D. N.D. 
0.45 N.D. 
0.70 N.D. 

Bi 
N.D. 
N.D. 
N.D. 
N.D. 

Fe 
0.02 
0.02 
0.01 
0.03 

Ni 
0.01 
0.01 
0.01 
0.06 

ass Ratio) 
Pb Sn 

Bal. 10 
Bal. 50 
0.02 Bal. 
N.D. Bal. 

BEÍ 
«Λ R5 

30 25 30 

103 

Figure 1. Shape and dimensions of the creep test specimen (Unit [mm]) 

The creep experiments in this study used a custom-built tension-creep apparatus. A gravity-
loaded mechanical arm applied a force to the sample, and calibrated weights were loaded onto 
the mechanical arm. The test load was applied as quickly as possible, to approximate the real-life 
situation, in which load is applied instantaneously. The specimens were heated in a temperature 
chamber. The heating system maintained the temperature variation at less than 1 K. 
The specimens had a collar at each end of the gauge part. An extensiometer was attached to the 
two collars in order to measure the elongation of the gauge part during the test. A linear variable-
differential transducer (LVDT) was directly linked to the extensiometer. A data-acquisition unit 
collected signals from the LVDT. 
To investigate the effects of temperature and initial stress, the creep tests were conducted at three 
different temperatures:298, 343, 398, and 428 K. The elongation and temperature were 
continuously recorded. The stress applied in the creep test, σ0> was calculated based on the initial 
cross-sectional area before the test, 
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Results and Discussion 

Initial Strain Rate and Creep Equation 
When the reloading creep stress is lower than that of the pre-creep, it suppresses the primary-
creep. Therefore, the linearity between the logarithmic strain rate and true strain was obtained 
over almost the entire range of creep life. When primary and secondary creep regimes are 
minimal and tertiary creep is dominant, the strain rate έ0 is expressed by the following formula 
[8]: 

\ηέ = \ηέ0+Ωε, (1) 

where έ0 is the strain rate of being zero and Ω is the slope of the line. Rewriting Equation (1) and 
integrating it with respect to time from zero to t results in Equation (2), 

e = ( l / / 2 ) l n [ l / ( l - / } ¿ 0 t ) ] . (2) 

Using Equation (2), the creep curve can be drawn if ¿0 and/2 are known. There is t < 1/Ωέ0 

from the constraint on the independent variable of the logarithmic function. Therefore, the 
rupture time t can be defined by the following equation: 

t r = 1/Ωέ0. (3) 

Since the tertiary creep is dominant in the tin-based, lead-free solder, the Omega method is 
applied to the analysis of the solder creep curves. 

Creep Curve Properties 
An example of the relationship between the logarithmic strain rate and true strain for 
SnO.7CuO.lNi is shown in Figure 2. As the tertiary creep is dominant in the tin-based, lead-free 
solder SnO.7CuO.lNi, the linearity between the logarithmic strain rate and true strain was 
obtained over almost the entire range of creep life. The parameters ¿0 and Ω are determined by 
least-squares regression to fit the data, as shown in Figure 2. Figure 3 shows an example of a 
creep curve obtained in the present work for SnO.7CuO.lNi. The line and cross showing the 
rupture point are described by Equation (2) using ¿0 and Ω . The open circles are the 
experimental data. The calculated creep curve accurately describes the creep deformation and the 
rupture point. 

Effects of Stress and Temperature on the Parameters 
When primary and secondary creep regimes are minimal and tertiary creep is dominant, the 
relationship between the imaginary initial strain rate and the expected initial stress is shown as 
follows [8]: 

¿o = A0Ca0/Er°expi-Q0/RT) , (4) 

where A0 is the constant factor, E is Young's modulus, n0 is the stress exponent, and QQ is the 
apparent activation energy for imaginary initial strain rate, which is independent of stress, 
provided that the normalized initial stress σ0/Ε was used instead of σ0. It is assumed that 
Equation (4) gives a reasonable representation of the imaginary initial strain rate, which would 
be roughly equal to the secondary creep rate. 
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Figure 2. Relationship between strain rate and true strain for SnO.7CuO.lNi 
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Figure 3. Measured and calculated creep curves for SnO.7CuO.lNi 

The effect of the temperature on the imaginary initial strain rate for lead-free solders is shown in 
Figure 4. The logarithmic imaginary initial strain rates In έ0 are plotted against the reciprocal 
temperatures l / 7 \ The relationship of ln¿0 and 1/7 appears to be linear, and the slope of the 
line shows -(?0/R. The apparent activation energy for the imaginary initial strain rate of 
SnO.7CuO.lNi is 85 kJ/mol under a constant stress of 7.0 MPa, and 108 kJ/mol under a constant 
stress of 7.8 MPa for Sn3.0Ag0.5Cu. These values are close to the activation energy for the 
lattice diffusion of tin, 104 kJ/mol [9]. 
The value é0exp(Q0/RT) is plotted against the initial stress σ0 in Figure 5. All data points fall in 
the vicinity of a single line, explicitly demonstrating that a state equation for the imaginary initial 
strain rate exists. The slope of the line represents n0. The parameter έ0 increases with increasing 
the initial stress and the temperature. 
The effect of temperature on the strain rate acceleration factor for lead-free solders is shown in 
Figure 6. The logarithmic strain rate acceleration factor In Ω is plotted against the reciprocal 
temperature l / 7 \ The magnitude of Ω decreases as the temperature increases. The following 
equation was derived to express the magnitude of Ω [10]: 

Ω - ¿s(tfo/£)nsexp(Qs/RO, (5) 
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Figure 4. Relationship between the imaginary initial strain rate and the reciprocal temperature 
forSn0.7Cu0.1Ni 
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Figure. 5 Temperature-compensated imaginary initial strain rate as a function of the initial stress 
forSn0.7Cu0.1Ni 
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Figure. 6 Relationship between the strain rate acceleration factor and the reciprocal temperature 
forSn0.7Cu0.1Ni 
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where A$$ nSs and Qs ere constants, provided that the normalized initial stress σ0/Ε was used 
instead of σ0. The relationship of ΙηΛ and 1/7 appears to be linear, and the slope of the line 
shows Qs/R» The constant Q$ of SnO.7CuO.lNi is 11 kJ/mol under a constant stress of 7.0 MPa. 
A$, ns, and Qs are physically meaningless, but are useful in drawing the creep life assessment. 
The value /2 /exp(Q s /^) is plotted against the initial stress σ0 in Figure 7. All data points seem 
to fall in the vicinity of a single line. The slope of the line shows ns. The parameter Ω is 
temperature dependent but less dependent on the initial stress. Table II shows the present 
experimental data of the constants, n0, Q0,

 ns> and Qs. 

Creep Life Assessment 
Rewriting Equation (1) results in Equation (6) as follows: 

έ ~ ¿0expCß£) . (6) 

Integrating Equation (6) with respect to time, from t to tr, results in Equation (7) 

tr-t = (1/Ωέ0) [βχρ(-Λε) ~βχρ(-/2εΓ)], (7) 

where ar is the rupture strain. The magnitude of βχρ(--/2εΓ) is generally much smaller than 
exp(-/2£), so Equation (7) can be simplified to Equation (8) 

tr ~ t = 1/Ωέ. (8) 

Equation (8) suggests a very important result that the product of the strain rate and the remaining 
life tr — t is constant 1/Ú. Therefore, the remaining life of the lead-free solder can be predicted 
if Ω and strain rate are given. 
Substituting zero into t in Equation (8) gives Equation (3). Equation (3) allows us to predict the 
creep-rupture time of specimens if έ0 and Ω are known. The magnitude of έ0 and Ω can be 
estimated from Equations (4) and (5) as a function of temperature and stress. Therefore, the 
creep-rupture time of specimens is predicted using Equation (9) 

tr « Wo^s)"1(^o/^)-(no+ns)exp[((3o - Qs)/™], (9) 

if temperature and initial stress are known. Figure 8 shows the relationship between the initial 
stress and the creep-rupture time at each temperature. The data points are experimental results 
and the lines are described by Equation (9). The creep-rupture time decreases with increasing 
initial stress and temperature. Equation (9) gives a good fit for the initial stress versus the creep-
rupture time at each temperature. The comparison of calculated creep-rupture time between tin-
based lead-free solders and lead solders at 398 K is shown in Figure 9. The creep-rupture time of 

Table. H. Values of the Constants Estimated by this Study for the Lead-Free Solders 

lOSnSOPb 
50Sn50Pb 

SnS.OAgO.SCu 
Sn0.7Cu0.lNi 

Qo 
tkJ/mol] 

37 
67 
108 
85 

Qs 
CkJ/mol] 

2.9 
13 
7.2 
11 

n0 

3.4 
3.0 
7.8 
10 

ns 

-6.3x 10-2 
-3.0x 10-1 
- 7.7 x 10-2 

-1.6 
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Figure 7. Temperature-compensated strain rate acceleration factor as a function of the initial 
stress for SnO.7CuO.lNi 
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Figure 8. Relationship between the initial stress and the creep-rupture time for SnO.7CuO.lNi 
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Figure 9. Comparison of calculated creep-rupture time between tin-based lead-free solders and 
lead solders at 398 K 
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tin-based lead-free solders is longer than lead solders less than 5 MPa of initial stress at 398 K. 
The creep-rupture time of Sn0.7CuO. INi is comparable with that of Sn3.0Ag0.5Cu at 398 K. 

Conclusions 

The creep properties of tin-based lead-free solders Sn3.0Ag0.5Cu and SnO.7CuO.lNi and lead 
solders 10Sn90Pb and 50Sn50Pb were investigated at temperatures between 298 K and 398 K. 
The creep-rupture time decreases with increase in initial stress and temperature. Applying the 
Omega method to the analysis of creep curves of solders, the calculated creep curve accurately 
describes the creep deformation and rupture point. The parameter ¿ 0 , which is the imaginary 
initial strain rate, increases as the initial stress and temperature increase. The apparent activation 
energy for¿0 is 108 kJ/mol in Sn3.OAgO.5Cu and 85 kJ/mol in SnO.7CuO.lNi. The energies of 
10Sn90Pb and 50Sn50Pb are 37 kJ/mol and 67 kJ/mol, respectively. The remaining life of solder 
can be predicted if Ω and strain rate are known. If temperature and initial stress are known, the 
creep-rupture time of specimens is predicted using 

tr = (i40i4s)"
1(^o/^)""Cn°+ns)exp[(Qo - Qs)/W]· The creep-rupture time of lead-free solders 

is longer than lead solders less than 5 MPa of initial stress at 398 K. The creep-rupture time of 
SnO.7CuO.lNi is comparable with that of Sn3.0Ag0.5Cu at 398 K. 
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Abstract 

Small-punch tests and determination of fracture toughness Jic were conducted at 4 and 77 K on 
new cryogenic JN1, JJ1 and JK2 austenitic stainless steels, after isothermal aging. Equivalent 
fracture strain eqf was determined by measuring the reduction of thickness in the small-punch test 
specimen. A linear dependence of Jic on eqf was found in these new materials. Regression 
analysis of experimental data produced the following linear relation Jic = 1304.1 Eqf + 8.09 
[kJm*2]. An analysis of present work relation was pursued on the basis of material properties and 
evaluation method of Jic. Results showed that the slope value has a strong dependence on 
material yield strength and Jic evaluation method. This linear relation is useful for the evaluation 
of fracture toughness Jic, measuring the equivalent fracture strain sqf by means of small-punch 
test. Thus it can be useful for assessing the degradation of fracture toughness in small areas such 
as, the heat-affected zone in welded components. 

Introduction 

Cryogenic structural materials for superconducting magnets of fusion nuclear reactor are 
required to possess a good combination of strength and toughness. The mechanical properties 
are required beyond the capability of conventional austenitic stainless steels [1]. New cryogenic 
JN1, JJ1 and JK2 austenitic stainless steels were developed by the Japan Atomic Energy 
Research Institute (JAERI) [1], The structure of superconducting magnets is constructed by 
welding of 200 mm thick plates of these steels, which are solution treated at high temperatures 
and then water-quenched to avoid intergranular precipitation. However, the welding process 
involves heating and cooling [2], which cause microstructural changes in both base metal and 
weld. In this heterogeneous microstructure, it is important to estimate the fracture toughness of 
these materials at cryogenic temperatures. Therefore, it is necessary to evaluate the effect of 
aging process on the fracture toughness behavior of these new steels. To determine the cryogenic 
fracture toughness, the elastic-plastic Jic value has been commonly used [2]; however, the 
specimen size is much larger than heat-affected zones in welded components. Small-punch (SP) 
testing method, employing miniature specimens, has permitted to evaluate the fracture toughness 
behavior at different temperatures in different nuclear reactor materials [3,4]. Mao et al. [5,6] and 
Misawa et al. [7] found a linear relation between Jic value and equivalent fracture strain 8qf, 
determined by SP method in non-ferrous alloys and ferritic steels at room temperature and 
austenitic stainless steels at 4 and 77 K, respectively. So that, this kind of correlation would be 
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very userul to assess the fracture toughness Jic values by means of SP test in small zones of 
welded components. 

The goal of this work is to study the correlation of Jic value and equivalent fracture strain (eqf), 
determined by small-punch test, at cryogenic temperatures in new austenitic stainless JN1, JJ1 
and JKL2 steels. These steels were isothermally aged in order to cause the fracture toughness 
deterioration due to precipitation of carbides and nitrides [7], similar to that one promoted by 
heating and cooling in welded parts. This study also analyses the effect of Jic evaluation on the 
correlationship between Jic and ζψ 

Experimental Procedure 

Materials used in this work were forged plates of 200 mm thick of JN1, JJ1 and JK2 austenitic 
stainless steels and its composition is shown in Table I. Solution treatment of JN1, JJ1 and JK2 
steels was carried out at 1348 K for 0.2 hours, 1333 K for 5.5 hours and at 1253 K for 5 h, 
respectively, and then water-quenched. The aging conditions were temperatures of 923, 973, 
1023 and 1073 K for a time of 5 h. Tensile tests of these materials were conducted at 4 K and at 
cross-head speed of 0.5 mm/min with a tensile specimen of 5 mm diameter (number 14 of JIS 
Z2201 standard), following the procedure established in JIS Z2277 standard. Fracture toughness 
Jic evaluation utilized the single-specimen unloading compliance method. T-L specimens were 
prepared according to ASTM E813-89 standard, employing 1TCT and 0.5TCT sizes, and 
subsequently precracked by fatigue test at room temperature. Precracking process employed an 
alternating stress intensity factor ΔΚ of 30 MPal/2, a frequency of 10 Hz and a ratio of width to 
precrack length (ao/W) of 0.6. The cryogenic fracture toughness tests were conducted in an 
Instron tension machine, equipped with a cryostat, and with a cross-head speed of 0.1 mm/min in 
all tests. Testing temperatures were 4 and 77 K, reached after keeping the specimen for 10 
minutes in liquid helium or nitrogen, respectively. Load-displacement curves were determined 
by the clip-gage method and crack length was measured with the unload compliance method. J 
integer and JIC values were determined following ASTM E813-81 and E813-89 standards. SP 
test specimen of 10 mm x 10 mm x 0.5 mm were extracted in a way that the crack propagation in 
the specimen remains parallel to the longitudinal direction of plate. Testing temperatures were 
liquid nitrogen temperature (77 K) and liquid helium temperature (4 K). Figure 1 shows a 
schematic draw of the homemade apparatus for SP test at liquid nitrogen and helium 
temperatures. Specimen was mounted on the SP testing jig, and the LVDT for load-line 
deflection measurement is attached to the pull rod. SP test started by pressing the puncher, steel 
ball of 2.4-mm diameter, against the specimen. Tensile load was converted into compressive 
force though the puncher at a cross-head speed of 0.1 mm min"1, and deflection was measured by 
a LVDT. Load-deflection curve was displayed using an X-Y recorder or computer. The upper 
and lower parts of dies are fixed with four screws with a torque of 0.5 Nm. Scanning electron 
microscopy (SEM) was used to observe the appearance and fracture surface of tested specimens. 
The fracture equivalent strain, eqf, was determined by measuring the reduction of thickness in 
tested SP specimens. SP specimens were mounted on epoxy resin and cut it at its middle part 
with a diamond-disc in a low-speed saw machine. This section was prepared metalographically 
and then observed in an SEM. 
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Table I. Chemical composition (wt %) of JNl, JJl and JK2 steels and materials 
of Misawa's work [4] -

Material 
JNl 
JJl 

. JK2 
12Crl2NilOMn5Mo 

(ESR) 
12Crl2NilOMn5Mo 

(VIM) 
32Mn7Cr(ESR) 
18Mn5Cr(EF) 
A286 (ESR) 

C 
0.040 
0.025 
0.050 
0.050 

0.020 

0.130 
0.530 
0.01 

Mn 
3.88 
10.13 
21.27 
9.26 

10.46 

32.47 
17.71 
1.19 

Ni 
15.07 
11.79 
9.15 
11.93 

12.47 

0.02 
0.14 

24.92 

Cr 
24.32 
12.01 
12.97 
11.95 

12.38 

7.29 
4.72 
13.91 

Mo 
— 

4.94 
0.97 
5.03 

5.16 

__. 
— 

1.36 

N 
0.320 
0.236 
0.247 
0.204 

0.208 

0.147 
0.092 
0.001 

Others 
0.023 Al 

— 
— 
— 

— 

0.24 V, 2.39 Ti 
and 0.20 Al 

Results and Discussion 

Tensile Properties and Curves of Load-Deflection for SP Test 

Table II shows the tensile properties at 4 and 77 K of JJl, JNl and JK2 steels solution treated 
and aged at 923, 973 and 1073 K for 5 h. In the case of solution treated samples, the highest 
yield (σ0) and ultimate tensile (a„ts) strengths were obtained in JNl steel, which has the highest 
contents of interstitial solutes atoms and chromium. The highest elongation corresponded to JK2 
steel with the highest and lowest contents of manganese and nickel, respectively. Aging process 
caused a decrease of tensile properties in all steels. Elongation of aged steels showed the highest 
drop among these properties. Figure 1 shows the curves of load-deflection of SP test at 4 K, for 
example, in both solution treated and aged JNl steel samples. Load increases as a function of 
deflection until the maximum load is reached, shown by an arrow (i) for each curve. After this 
maximum, load drops drastically or there is a change in the curve slope. This type of behavior 
was observed in all tested steels. It was also detected that the fracture took place at the maximum 
value of load during SP test. The maximum load and deflection at maximum load decreased with 
aging temperature for the three tested materials. This decreasing tendency varied with tested 
steel. Same type of behavior was observed in specimens tested at 77 K. Additionally, The 
presence of serrations or pop-in in load-deflection curves was observed as a characteristic event 
at 4 K [8]. For example, the appearance of regular and continuous serrations was detected after 
load reached a value about 1.2 kN in the case of both solution treated and aged at 923 K for 5 
hours JNl steel specimens. The amplitude of these serrations was larger at load values close to 
the maximum one. Load dropped drastically after reaching this maximum value. On the other 
hand, the load-deflection curve for the SP test specimens aged at higher temperatures exhibited a 
sharp change in the slope (bending point) at low values of load and no drastical drop of load was 
noticed at the end of test. The determination of load point for fracture was difficult in this case. 

Fractographv and Fracture Appearance 

SEM analysis of tested SP specimens was carried out to determine the fracture appearance of 
specimen and the fracture mode, after testing. SEM micrograph of SP test specimen of solution 
treated JNl steel is shown in Fig. 2 (a). A semispherical cup is observed due to the shape of 
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Table II. Mechanical properties at 4 and 77 K of solution treated JN1, JJl and JK2 steels 
Material 

JN1 
JN1 
JN1 
JN1 
JJl 
JJl 
JK2 
JK2 

| JN1 
JN1 
JN1 

Heat treating 
condition 

Solution treated 
Aged923K-5h 
Aged973K-5h 
Aged 1073K-5h 
Solution treated 
Aged923K-5h 
Solution treated 
Aged923K-5h 
Solution treated 
Aged923K-5h 

Aged 1073K-5h 

Testing 
temperature 

4K 
4K 
4K 
4K 
4K 
4K 
4K 
4K 

77 K 
77 K 
77 K 

σο (Mpa) 

1349 
1318 
1310 
1299 
1169 
1162 
1213 
1188 
843 
989 
967 

cuts (Mpa) 

1690 
1671 
1625 
1564 
1591 
1517 
1576 
1534 
1395 
1358 
1199 

Elongation 1 
% 
31 
13 
6.8 
2.4 
39 
17 
44 
21 
52 
— 
-

puncher, steel ball. Fracture dimples were noticed in the fracture surface of this specimen, Fig. 2 
(c). Similar results were also observed for solution treated JJl and JK2 steels. In the case of aged 
specimens, the fracture took place at the center of specimen at the moment of contact between 
puncher and specimen. An intergranular brittle fracture was also observed in this case. Figures 2 
(b) and (d) show the fracture appearance and fractography of JN1 steel SP test specimen aged at 
973 K for 5 h, after testing. Here, it can be noticed that the fracture occurred at the specimen 
center and propagated radially, and the fracture mode is composed of both dimples and 
intergranular brittle fracture. Besides, the fracture surface of specimens, aged at 973 K for times 
longer than 5 h, was almost composed of intergranular brittle fracture. Same results were 
observed for the aged JJl and JK2 steel specimens. 
AH the above results suggest that the SP test method is a good alternative to follow the fracture 
toughness deterioration originated in these new materials by isothermal aging. 

Determination of enf 

Mao et al. [5,6] and Misawa et al. [7] have shown that the equivalent fracture strain sqf 
can be selected as a fracture parameter for the SP test specimens under the biaxial Stress state. eqf 
is defined by the following relation [5]: 

Sqf = In (to/t) (1) 

Figure 1. Load-deflection curves of JN1 steel in SP test at 4 K. 
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Figure 2. SEM photographs of SP test specimen of JN1 steel and its corresponding fractography 
for a) and c) solution treated, and b) and d) aged at 973 K for 5 h. 

where t and to are the thickness of SP test specimen at the thinnest section and at the initial stage, 
respectively. Figures 3 (a) and (b) show a SEM micrograph of the thickness change of two sliced 
SP test specimens, corresponding to the JN1 steel solution treated and aged at 973 K for 5 hours, 
respectively. The former shows a drastical decrease of thickness, compared to the latter. The 
values of eqf for the different tested materials were determined using similar SEM photographs. 
Figure 5 shows the eqf values and its corresponding Jic values determined experimentally using 
the ASTM E813-89 standard. Some he values were determined from its corresponding Kic 
value, employing the following relation: 

Jic= Kic2(l-v2)/E (2) 
where E is the Young modulus and v the Poisson ratio. 

Correlationship between J\c and sflf 

The plot of Jic against sqf is shown in Fig. 4 for all materials of present work. Some of these data 
were determined from welded parts. It is evident the linear relationship between them. The 
regression analysis of these data conducted to the following equation: 

Jic =1304.1 eqf+8.09 (3) 
with a correlation coefficient, R2, of 0.9546, which confirms the linear relation. This type of 
relation, Jic ^ Ci eqf + C2, is similar to the relation, Jic = Cp 8qf, found by Bayoumi and Bassim 
[9] in a biaxial stress state for the case of elastic-plastic materials. They pointed out that the 
constant Cp depends on material and testing conditions and is defined as follows: 
Cp = k m a 0 L V C (4) 
Where σο is the yield strength, k a constant, which is usually less than one and which may vary 
with temperature and material conditions, m a constraint factor, which depends on the material 
and testing conditions and L*p the distance from crack tip, where initiation of ductile fracture 
occurs. 
Figure 4 also shows the linear-relations found by Misawa et al. [7] in austenitic stainless steels. 
Besides, Table V summarized the linear dependence of Jic on Eqf determined by Misawa et al. [7] 
and that of present work, as well as its corresponding testing temperature. It is evident from the 
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Figure 3. SEM photographs of thickness change for the SP test specimen of JN1 steel 
a) solution treated and b) aged at 973 K for 5 h. 

E 
i 
3 

0 0.2 0.4 0.6 0.8 1 

Figure 4. Plot of he against eqf for data from this present study and reference [7]. 

above Fig. 4 that Misawa's and present work relations are in good agreement with the relation 
proposed by Bayoumi and Bassim, since C2 is close to zero in both cases. However, the slope 
value, Ci? of present work is higher than that of Misawa's work. 

Tables I and III show the chemical composition and some mechanical properties (yield strength 
and ultimate tensile strength) of materials tested by Misawa et al. [7]. By comparison of Tables II 
and III, it is clear that the average yield strength of materials for this work is similar to that of 
Misawa's materials. Thus, it would be expected a similar Ci value for both works. Jic values 
reported by Misawa et al, were determined following the ASTM E913-81 standard. 

Hence, their Jit values are lower than the expected ones if the new ASTM E813-89 standard had 
been applied for Jic determination. This means that the slope Ci of Misawa's work is 
underestimated. 
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To clarify the origin of a higher slope Ci for this work, Jic values of JN1, JJ1 and JK2 were 
recalculated using the ASTM E813-81 standard. Figure 5 shows the plot of Jic as a function of 
8qf. A linear relation between these variables is evident. The regression analysis enabled to 
determine the following equation: 

Jic = 840.3 eqf+62.3 (5) 

The correlation coefficient, R2, was 0.882. The Ci value of this equation, 840.3 kJ m"2 is close to 
the value of 845 kJ m"2 determined by Misawa. This suggests that the constant Ci is a constant 
value for same type of materials, and hence this kind of equation can be used for assessing the 
fracture toughness Jic at cryogenic temperatures using the sqf value determined by means of a SP 
test. 

Table III. Mechanical properties 
Material 

12Crl2Nil0Mn5Mo (ESR) 
12Crl2Nil0Mn5Mo (VIM) 

32Mn7Cr (ESR) 
18Mn5Cr(EF) 
A286 (ESR) 

► at 4 and 77 K of steels used by Misawa [ 
σ 0 (Mpa) at 4 K 

1249 
1242 
1145 
1320 
1027 

av(Mpa)at77K 
851 
868 
759 
820 
892 

7] 
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Figure 5. Plot of recalculated Jic values from this current work vs. 8qf, according 
to ASTM 813-81 standard. 

To determine the accuracy of these linear equations, it was assumed that the Bayoumi and 
Bassim relation could be applied for the analysis of experimental data: 

JlC= Cp8qf (6) 
This assumption seems to be consistent for both works. Likewise, the constant Cp could be 
approximated to the σο value. Therefore, Jic can be calculated using Eq. (6) and the 
experimental σο and sqf values of each tested material. Both Misawa s and present work 
relations used data determined not only at 4 K, but also at 77 K. This fact confirmed that this 
kind of linear relation is independent of the testing temperature [7]. 
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Therefore, the linear dependence of Jic value on the sqf value can be useful for assessing the 
fracture toughness deterioration not only in isothermally aged JN1, JJ1 and JK2 steels, but also 
in welded parts. 

Conclusions 

A study of correlation between the fracture toughness value Jic and the equivalent fracture 
strain eqf, determined by the SP test, was carried out in solution treated and isothermally aged 
new JJ1, JN1 and JK2 steels and the conclusions are summarized as follows: 
1. It was found a linear dependence of Jic value on the sqf value, as predicted by 

Bayoumi and Bassim for the biaxial stress state in an elastic-plastic material. The 
following linear relation was determined Jic = 1304.1 eqf + 8.09 (kJm"2) in JN1, JJ1 and 
JK2 austenitic stainless steels. 

2. The slope value Ci of 1304.1 kJm"2 is strongly dependent on the determination procedure of 
fracture toughness Jic and on the yield strength value. 

3. This linear relation can be used to assess the fracture toughness in both isothermally 
aged and welded JN1, JJ1 and JK2 steels. 
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Abstract 

The quality of machined surface is becoming more and more important to satisfy the 
increasing demand of component performance and its reliability. While machining any 
component, it is necessary to satisfy the surface integrity requirements. Heat treatment plays 
an important role in improving the characteristics of the material. 
This work investigates the effect of heat treatment on the surface characteristics of AISI D2 
tool steel after Wire-Electro Discharge Machining (W-EDM). The test specimens were 
prepared by hardening and tempering and then machined with Wire-Electro Discharge 
Machining process. Optical and scanning electron microscopy, surface roughness and micro 
hardness tests were conducted to study the surface characteristics of the machined surface. 
After characterization based on microstructures and test results, it is observed that the recast 
layer droplets are of smaller size with reduced white layer thickness resulting in higher 
hardness and lower surface roughness. 

Introduction 

With the development of mechanical industry, the requirement of alloy materials having high 
hardness, toughness and impact resistance is increasing. At the same time the quality of 
machined surface is becoming more and more important to satisfy the increasing demands of 
component performance and reliability. When machining any component, it is necessary to 
satisfy the surface integrity requirements. Surface integrity has two important parts. The first 
is surface texture, which governs mainly surface roughness. The second is surface 
metallurgy, which concerns to the nature of surface layer produced in machining [2]. 

Wire Electrical discharge machining (W-EDM) is nontraditional manufacturing process 
where the material is removed by a succession of electrical discharges, which occur between 
the electrode and work piece. These are submerged in a dielectric liquid such as de-ionized 
water. During the electrical discharge, a discharge channel is created where the temperature 
reaches approximately 12000 °C, removing the material by evaporation and melting. When 
the discharge ceases there is a fast cooling on the surface of work piece creating a zone 
affected by heat that contains the white layer. This layer contains several hollow, spheroids, 
fissures and micro fissures. Carbon is the main element of the white layer composition 
influencing simultaneously its hardness and thermal conductivity. The white layer caused by 
W-EDM process increases surface roughness, makes the surface hard and brittle and 
decreases the fatigue strength. The white layer thickness depends on the work piece material, 
on the power used to cut the work piece and on the applied electrical polarity[3]. Wire 
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Electrical discharge machining is governed by a thermal phenomenon, therefore not only 
removes material from the work piece but also changes the metallurgical constituents in the 
zone affected by the heat. Thus, during machining by W-EDM the surface of the material is 
subjected to heat treatment (locally) where the time of stage is the pulse duration and the 
temperature reached by the work piece is due to the applied current intensity being followed 
by a quick cooling[7]. 

The Wire-EDMed surface consists of many craters caused by electrical sparks. The larger the 
electrical discharging energy, the worse the surface quality will be. A large energy will 
produce a rippled surface, changes the structure and physical properties of material and result 
in cracks and residual stresses on the surface[4].Ultimately the surface quality and life of the 
work piece will be decreased as well. The electrolytic erosion, which may occur during the 
process, will result in more micro cracks and lower surface hardness. Thermal nature of this 
process always produces a recast and underlying heat affected zone on the surface being 
machined and develops a residual tensile stress that often causes micro cracks [6,7]. 

The thermal sensitivity or chemical complexity of the material can also affect the surface 
integrity. Optimum utilization of the capability of the Wire-EDM process requires the 
selection of an appropriate set of machining parameters. Hence the machining parameters 
should be chosen properly according to work piece properties so that better performance can 
be obtained. However, selection of appropriate machining parameters is difficult and relies 
heavily on the operators experience and machining parameters tables provided by the 
machine tool manufacturer. But these alternatives completely do not satisfy the requirements 
of both high efficiency and good quality. Hence in order to obtain the good surface properties 
after machining it is always essential to improve the internal structure and properties of the 
material by hardening and tempering appropriately[1,2]. 

Several studies have been carried out in order to determine appropriate work material/ 
machining parameters combinations to analyze surface integrity. These studies shows that the 
surface roughness is closely depend on the machining parameters. The structural changes of 
EDMed surface of steels have been studied and found that the top-most surface layer is non 
etchable layer, namely the white layer. Immediately beneath this layer, there is a heat affected 
zone, where heat causes micro structural transformations [2,3]. Relationship between EDM 
parameters and surface crack formation for D2 and HI3 tool steel was studied. It was shown 
that crack formation and white layer thickness is related to the EDM parameters. An 
increased pulse on duration will increase both white layer thickness and induced stress[4,7,8]. 
Therefore in this paper it is tried to investigate the effect of heat treatment on surface integrity 
of AIS! D2 tool steel used in manufacturing die and mould components by Wire EDM 
process. 

Experimental 

Experimenta] Afl4 M f̂tsur ing Apparatus 

The machine used for experimentation work is "spring cut" Electrónica Make Wire EDM. 
The composition of AISI D2 steel used for experimentation is given in Table I. CuZn37 
master brass wire with 0,25 mm diameter was used as an electrode. De-ionized water ( Ph 
Value 12,5) was used as the dielectric fluid. A Taylor Hobson make, surface finish Tester is 
used to measure the surface roughness. A SEM is used to investigate microstructure. 
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Table I. Chemical Composition of AISI D2 Steel (Wt %) 
Sr.No 

01 

02 

03 

04 

05 

06 

07 

08 

09 

Constituent 
Carbon 

Manganese 

Chromium 

Nickel 

Molybdenum 

Sulphour 

Phosphorus 

Silicon 

Vanadium 

Wt% 
1.57 

0.51 

12.50 

0.06 

0.41 

0.024 

0.009 

0.40 

0.25 

Range as per Standard 1 
1.40-1.60 

0.20 - 0.40 

11.50-12.50 

-
0.70 - 0.90 

-
-

0.10-1.0 

0.20-1.0 

Specimen Preparations 

The specimens of die steel AISI D2 of 15 X 15 X 50 mm size are prepared by milling before 
heat treatment. The specimens are then hardened and tempered in different ways as shown in 
the Table II. The specimens are then machined by W-EDM process to obtain 15X15X9 mm 
thick test pieces. During machining the machining parameters i.e. pulse interval time (16 μβ), 
table feed rate (7.6mm/min), Wire tension (1800 g), pulse current on, pulse Current off, and 
Voltage were kept constant. 

Measurements 

The hardness and the surface roughness of the machined test pieces is measured and tabulated 
in the Table II and its variation is presented graphically in Fig. 1 and 2 respectively. The 
machined surface is then prepared as per standard procedure for metallographic observations. 
Etching was done using 5% Nital reagent. The prepared surface is viewed under scanning 
electron microscope (SEM) for examining surface topography and is cross section for 
measuring white layer depth. The images of surface topography and white layer depth are 
shown in the Fig. 1-8. White layer depth from cross-section of machined surface was 
measured to determine its variation through heat -affected zone. 
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Table II Test Specimen Types, its Hardness and surface roughness 

Sr.No 

01 
02 
03 
04 
05 

. 06 
07 

Type of Heat treatment 

As Annealed 
Hardened single tempered 250° C 
Hardened double tempered 250° C 
Hardened triple tempered 250° C 
Hardened single tempered 450° C 
Hardened double tempered 450° C 
Hardened triple tempered 450° C 

Notation 

Z 
C 
D 
E 
F 
G 
H 

Hardness 
HRC 

20.00 
62.33 
51.33 
54.34 
58.33 
52.66 
50.00 

Surface 1 
Roughness μηι 

1.54 
1.43 
1.55 
1.76 
1.59 
1.49 
1.45 

: 

20-

Z. . . 

IP 

z c d e f G M 

TEST PIECE TYPE 

Fig. 1. Test Piece Hardness 

a 2ia 
Z 1 q J B 
I 1-5 1 
o 

3 
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| . 

Z C D E F G H 

TEST PIECE TYPE 

Fig.2. Surface Roughness 

Results and Discussion 

gurfac? Topography 

During W-ED3VÍ each electrical discharge generates intense amount of heat, causing local 
melting or even evaporation of the work piece material. With each discharge, a crater is 
formed on the work piece and a smaller crater is formed on the tool electrode. Of the molten 
metal produced by the discharge, only 15% or less is carried away by the dielectric [8]. The 
remaining melt re -solidifies to form an undulating terrain. After magnification, the surface is 
observed to be covered with overlapping craters, globules of debris, and pocket marks or 
'Chimneys', formed by entrapped gases escaping from the re-deposited material. 
Fig. 3-6 shows typical topography of test pieces viewed under SEM. Variation of re-solidified 
craters are compared as circular and elongated one and are tabulated in Table III-VI. 
The topographical images and table shows that the elongated and circular shaped droplets 
size is large in Z type and is small in C type specimen. At the same time more craters are 
formed in layers on the same surface, thereby increasing the surface roughness. In C type test 
piece the elongated droplets spread over the surface with few pocket marks of escaped gases. 
Where as in case of type E, droplets are more elongated and very few are in circular form and 
they spread over the area. In case of D type, droplets are more in circular shape and 
concentrated at a location like resolidified layers one above the other. 
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Table-Ill Specimen-Z 

"^v^Droplets 
S i z e ^ \ . 

Minimum 

Maximum 

Circular 
in μπι 

01 

05 

Elongated 
in μηι 

02 

20 

Table-IV Specimen-C 

^N. Droplets 

Size ^ s . 

Minimum 

Maximum 

Circular 
in μπι 

01 

03 

Elongated in 
μιτι 

02 

12 

Table-V Specimen-D 

Drbptets 
Size Nv 

Minimum 

Maximum 

Circular 
in μπι 

01 

05 

Elongated 1 
in μπι 

02 

13 

Table-VI Specimen-E 1 

^\Droplets 
SizeN. 

Minimum 

Maximum 

Circular 
in μιη 

02 

06 

Elongated 1 
in μηι 

03 

15 
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WMféUygr Thickness 

The term 'white layer' is originated from the fact that these surfaces appear white under an 
optical microscope or featureless in a scanning electron microscope (SEM). Thus, in 
literature, the term white layer is used as a generic phrase referring to very hard surface layers 
formed in ferrous materials under a variety of conditions, which appear white under the 
microscope. The earliest mention of the presence of hard white layer on surface was in the 
year 1912 by stead, who observed white etching layers on the surface of used steel wire 
ropes, He interpreted this as the formation of martensite as a result of frictional heating in 
service followed by quenching due to colder sub layers[3]. White layers in their different 
forms are as a result of factors attributed to the material removal process, such as thermal, 
mechanical or chemical unit events. These can be directly related to such factors as strain 
rate, heating rate, cooling rate and local environmental operating conditions. The typical 
depth of a white layer zone is approximately 10 μηι however, the depth can vary depending o 
the thermal, mechanical or chemical properties present. Below the white layer, there is a 
relatively shallow transition into the bulk material which is largely unaffected thermally by 
the machining process, The mechanical properties of the bulk should be similar to that of the 
original workpiece material. While machining a workpiece with W-EDM, a multilayered heat 
affected zone is formed at the surface of workpiece. The upper layer of this zone is the white 
layer, which has a different microstructure and metallographic characteristics than the base 
material. Kruth reported a light zone on the machined surface consisting of several cracks. 
The cracks were mostly perpendicular to the surface of the sample, running across the total 
depth of the white layer and only seldom continued to the layers underneath[3.6]. Fig.7 -10 
shows the photographs of white layer formed on test pieces after W-EDM. The 'white layer' 
thickness observed is an average of readings measured at various places on different cross-
sections of the specimen concerned. The data obtained for different test pieces is tabulated in 
Table VII and same is graphically presented in Fig 11. It shows that in Z type test piece the 
white layer thickness observed is the highest where as in case of C type it is minimum. Thus 
it shows that softer the material higher is the thickness and vise-versa. Though the machining 
parameters such as cutting temperature, depth of cut, cooling media contribute a lot in 
formation of white layer but still hardening and tempering also affects its formation. 
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Fig.9. Specimen-D 

Table VII. White Layer Thickness 

Sr.No 

01 

02 

03 

04 

Test 
piece 
type 

Z 

c 

D 

E 

Thickness in mm 

Readings 

mmm 
09,10,07,07,05 

07,09,05,07,08 

05,10,08,06,06 

Avg. 
mm 

7.6 

7.2 

7.0 

Thickness 
in μπι 

5.8 

5.5 

5.3 

T 5.8· 
H 5.7 
I 5.6· 
C 
K 5.4-
N 5.3· 
E 5.2· 

5.1 
5 

4.9 

i -jr 

;:̂ ,.:.| 
~ ! 

l -y * ΐ$ *>' -\ I 
1 - *'' ■ f ' ^ 
¡V^'n./M 

r*i;- '· i """β"ί 1 
I 1 

Z C D E 

SAMPLE TYPE 

Fig. 11. white Layer Thickness 

Conclusions 

In order to examine the effects of heat treatment on the surface machined by W-EDM, 
specimen test pieces of die steel AIS I D2 were prepared by hardening and tempering in 
different ways and then machined. To summarize the main features of the present 
experimental work, the following conclusions can be drawn: 

1. Because of heat treatment, hardness increases with hardening and single tempering. 
At the same time it slightly goes on decreasing with double and triple tempering. 
Specimen C gives higher hardness than others (type D-H). 

2. As seen from the Table II, there is small variation in surface roughness in all the 
specimens heat treated in different ways. The surface roughness mainly depends on 
machining parameters. Even after keeping machining parameters constant during this 
study, specimen type C gave smoother surface compared to others. 

3. The topographical image shows that the surface texture is composed of a random 
array of overlapping craters or cusps after machining. These are formed due to the 
rapid heating and cooling during WEDM. Though, the machining parameters are 
more responsible for its formation, specimen type C shows circular and elongated 
droplets of minimum size where as type E shows elongated droplets of maximum 
size. 
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4. After examining the cross section of machined surface, the four zones were identified 
in which outermost surface is debris or recast layer and next layer is white layer. 
Below the white layer is an area which was heated and cooled more slowly. This 
created an annealed area, softer than the parent material. Finally parent material is 
present. The thickness of the heat affected zone or white layer on the surface is 
measured and tabulated in Table VII and found that the average minimum thickness is 
observed in case of C type specimen. 

References 

1. K.K.Choi, W.JNam and Y.S.Lee, "Effects of heat treatment on the surface of a die 
steel STD 11 machined by W-EDM", Journal of materials processing Technology, 
201 (2008), 580-584. 

2. Ahmet Hascalyk, Ulas Catdas, "Experimental study of wire electrical discharge 
machining of AISID5 tool steel", Journal of materials processing Technology, 148 
(2004), 362-367. 

3. S.S. Bosheh and P.T.Mativenga, "White layer formation in hard turning of HI3 tool 
steel at high cutting speed using CBN tooling", International Journal of Machine 
Tools and Manufacture, 46 (2006), 225-233. 

4. J.C.Rebelo, A. Moarao Dias, D. Kremer and J.L.Lebrun, "Influence of EDM pulse 
energy on the surface integrity of martensitic steels", Journal of materials processing 
Technology, 84 (1998), 90-96. 

5. M. Yu. Akhmedpasheav, "A study of Heat treated carburized alloyed steels for 
blanking dies'*, Journal of Material Science and Heat Treatment, 49 (2007), 11-12. 

6. Y.S.Liao, J.T. Huang and Y.H. Chen, "A study to achieve a fine surface finish in W-
EDM", Journal of Material Processing Technology, 149(2004), 165-171. 

7. Ashan Ali Khan, Munira Bt. Mohd Ali and Norhashimah Bt. Mohd Shaffiar, 
"Relationship of Surface Roughness with Current and Voltage during W-EDM", 
Journal of Applied Sciences, 6(10) (2006), 2317-2320. 

8. M.A.E.R. Merdan, and R.D. Amell,"The surface integrity of a die steel after electro 
discharge machining, 2. Residual stress distribution", Surface Engineering, 7(2) 
(1997), 154-158. 

9. C.A. Huang, C.C. Hsu and H.H. Kuo, "The surface characteristics of P/M high-speed 
steel (ASP 23) multi-cut with wire electrical discharge machine (WEDM)", Journal of 
Material Processing Technology, 140 (2003) 298-302. 

502 



Characterization of Minerals, Metals, and Materials 
Edited'by: Jiann-Yang Hwang, Sergio Neves Monteiro, Chengguang Bai, 

John Carpenter, Mingdong Cat, Donato Firrao, and Buoung-Gon Kim 
TMS (The Minerals, Metals & Materials Society), 2012 

HOT DEFORMATION STUDY BY PROCESSING MAPS OF N 
CONTAINING MICRO ALLOYED STEEL 

M. Dikovits1, C. Poletti1, F. Warchomicka2, G.P. Chaudhari3, V. Pancholi3 

^WS - Institute for Materials Science and Welding, Graz University of Technology 
Kopernikusgasse 24, A-8010 Graz, Austria 

2IMST - Institute of Materials Science and Technology, Vienna University of Technology 
Karlsplatz 13/E308, A-1040 Vienna, Austria 

3IITR - Department of Metallurgical and Materials Engineering, Indian Institute of Technology 
Roorkee, Roorkee 247 667 (UA) India 

Keywords: Hot deformation, Processing maps, Microalloyed steel 

Abstract 

The hot formability of a microalloyed steel with 0.16 wt-%C modified with N is studied by using 
processing maps. Compression tests of cylindrical samples are carried out using a Gleeble®3800 
simulator in the range of temperature between 750 - 1000°C and strain rates between 0.01-100 
s"1. For this alloy, an Ar3-temperature about 740°C is determined by means of dilatometry. 
Processing maps are calculated using the modified dynamic material model developed by Murty 
and Rao for different logarithmic strains. For the instability map, the parameter Kj developed by 
the authors in previous works is used and compared with other instability values. Softening in the 
flow curves provoked by induced ferrite during deformation at low temperatures and low strain 
rates is reflected in the j/-value. Light optical microscopy (LOM) and electron back scattered 
diffraction (EBSD) measurements are used to study the microstructure of the hot deformed 
samples to determine the deformation mechanisms active and to verify the processing maps. 

Introduction 

Processing maps offer a good possibility to optimize thermomechanical process parameters and 
to avoid defects in the products. Prasad et al. [1] developed the processing maps using the 
dynamic material model (DMM) and Murty & Rao [2] modified it. Processing maps consist of 
two superimposed maps: the dissipation efficiency and the instability map. The processing maps 
can be used to detect areas with a good hot formability, which are normally related to restoration 
of the material by dynamic recovery/recrystallization. For a high dissipation efficiency value and 
no instabilities, a good hot formability is predicted. In the DMM no storage of energy takes place 
and so the material is considered essentially dissipative, this is only true for high temperatures 
and high strain rates [1]. If the power of dissipation P can be separated into two phenomena 
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where G is related to the thermal transport within the sample and J to the microstructural changes 
during deformation [3]. The efficiency of power (η) is defined as: 

„ « - i _ « k (2) 

The η value determined by Murty and Rao [4] is calculated using the following equations 

G » grit« ff^<ydfe+ ff αύέ « [-̂ ~j + J* σάέ (3) 

«I - T ~ --= 2 ( — - — ) (4) 

where m is the strain rate sensitivity and it is defined as [2]: 

m - — (5) 

On the other hand, flow instability occurs when, 

£ < 7 K> 

where D is the dissipation function. If D - P instabilities occur when [5]: 

^<*=#έητ + σ<σ**7η<0 (7) 
«ti * <J* v 7 

In the case of D - J, Murty and Rao predict flow instabilities when κ < 0 [6]: 

(8) 

To avoid the use of m in the calculation of κ, flow instability is predicted when κ, is negative [7]: 

K , « i _ £!aS! Γ 9 Λ 

At high temperatures the deformation in low alloyed steel takes place in the austenite phase. The 
process of dynamic recovery in austenite is low because of the low stacking fault energy of the 
fee phase» so dynamic recrystallization occurs [8]. This work is focused on the deformation 
behaviour of a microalloyed steel modified with N at different temperatures above ΑΓ3 during 
compression tests by processing maps and microstructure observation. 
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Experimental 

Material 

The main alloying elements of the N containing microalloyed steel can be seen in Table I [9], 
The ΑΓ3 temperature for this alloy is around 740°C which is determined by means of dilatometry 
at 1 K/s. 

Table I. Chemical composition in wt-% of the main elements 

c 
0.155 

Mn 

1.460 

V 

0.051 

N 

0.0108 

Ti 

0.002 

Si 

0.020 

Nb 

0.002 

Al 

0.026 

Compression Tests 

Compression tests were performed using a Gleeble®3800 simulator. Cylindrical specimens of 15 
mm length and 10 mm diameter were deformed at temperatures between 750°C - 1000°C and 
strain rates from 0.01 - 100 s"1 up to 0.7 of global true strain. The temperature during the 
experiment was controlled with a K - thermocouple welded in the middle of the sample. A nickel 
based lubricant and a tantalum foil were used to reduce the temperature gradient and the friction 
between the sample and the anvils. The samples were heated at 5 K/s up to 1000°C, held for 2 
minutes and then cooled down to the deformation temperature with a cooling rate of 1 K/s. The 
samples were in situ water quenched immediately after the deformation with a cooling rate of 
about 360 K/s. 

Metallography 

Before and after the deformation the samples were cut along the deformation axes, embedded 
and polished. Light optical microscopy (LOM) and EBSD measurements were done to get 
information about the microstructure before and after deformation. The samples were etched 
with Nital (3%) for light optical microscope. The EBSD measurements were carried out with the 
samples tilted 70°, an accelerating voltage of 25 kV and a spot size of ~6 nm. An increment step 
of 0.1 μηι was used and the confidence index (CI) average values of each measurement (raw 
data) were higher than 0.55. 

Results And Discussion 

Flow Behaviour 

The flow curves at three different temperatures at 750°C, 900°C and 1000°C are shown in Figure 
1. A ringing effect is observed for deformations at 100 s"1 of strain rate due to vibrations in the 
system whose affect the signal of the load cell [10]. This signal can be misunderstand as typical 
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oscillations of dynamic recrystallization [8]. The flow curves at low strain rates (0.01 - 0.1 s"1) 
exhibit softening independent on the temperature. At 1 - 10 s"1 steady state is observed. 

log Plastic Strain log Plastic Strain log Plastic Strain 

Figure 1. Flow curves at 750°C, 900°C and 1000°C for different strain rates. 
a = 0.01 s"1, b = 0.1 s'\ c= 1 s'1, d= 10 s"1, e = 100 sl 

Microstructure Before Hot Deformation. The microstructure of a sample heat treated at 1000°C 
and water quenched afterwards is shown in Figure 2. The micrograph shows a lamellar structure 
and a little amount of ferrite on the grain boundaries. 

Figure 2. Microstructure evolution after heat treatment at 
1000°C for 2 min, a heating rate of 5 K/s and water quenching 

Microstructure After Hot Deformation. Figure 3 shows the microstructure evolution of deformed 
samples up to a true strain of 0.7 for different parameters. An increment of the ferrite amount 
when increasing the strain rate, could be determined in the not fully austenitized microstructure. 
An influence of the strain rate on the grain size was distinguished with a decrement of the grain 
size when increasing the strain rate for temperatures higher than 900°C. In Figure 4 a) at low 
temperatures (750°C) a small grain size (compared to the same strain rate at higher temperatures) 
as well as a high amount of ferrite could be detected for the smallest strain rate of 0.01 s*1. No 
indication of defects like pores were identified in the samples. 
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900°C 1000°C 

0.01 s1 
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100 s"1 

Figure 3. Microstructure evolution of water quenched samples after compression at 900°C and 
1000°C for 0.01 s"\ 1 s"1 and 100 s"1; compression axis is vertical. 

507 



EBSD - Measurement. In Figure 4 b) and c) two inverse pole figure maps are shown for 750°C 
and 1000°C for a strain rate of 0.01 s*1. The grains of the low temperature deformed sample show 
a globular structure with a big amount of ferrite, while the sample deformed at high temperature 
shows a lamellar microstructure with a few globular grains of ferrite. 

Prosing Maps 

The processing maps were implemented using OriginPro 8 Software. For calculating them, the 
flow data was used as described in [4]. The flow data at all strains were used to build the models. 
In Figure 5 processing maps are calculated using the model of Murty and Rao and are shown for 
a strain of 0.3 and 0.6. Additionally, the strain rate sensitivity is compared. The isolines represent 
the value of m or η9 and the dashed zones predict instability by κ < 0 and KJ< 0. 

The m values are positive in the whole tested range, and increase by increasing the temperature. 
In both ranges: temperature below 875°C and strain rates below 0.1 s"1, and temperature above 
875°C for all strain rates, the m values increase with the strain. A similar tendency shows the η 
value with the strain. In the low temperature range, η values are large at moderate strain rates, 
and very low at low and high strain rates. At moderate to high strain rates, the highest η values 
can be recognized at temperatures above 850°C. 
The different criteria to predict instability result in different values. No instability occurs for the 
model of D * P (m < 0, left column in Figure 5), while the model of Murty and Rao predict 
instabilities almost in the whole area. The model of KJ is negative at moderate strain rates and 
temperatures above 950°C. Stabilities are then only predicted at low temperatures and low or 
high strain rates, and the range at low strain rates disappears with increasing strain. 
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Figure 4. a) LOMofa water quenched sample deformed at 750°C for 0.01 s , 
b) and c) EBSD Inverse Pole Figure Map of samples deformed at 750°C (b) and 1000°C 

(c) for a strain rate of 0.01 s"1. Grain boundaries (black) are defined from 15 - 180° 
and subgrain boundaries (white) from 3 - 15°. Compression axis is vertical. 
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Figure 5. Processing maps, as a function of the temperature and the log strain rate for 0.3 (first 
row) and 0.6 (second row) of strain, κ < 0 (dashed zones) 

A summary of the results for the investigated microalloyed steel is given in 
Table II. 

Table II. Comparison of the domains in the processing maps with the flow behaviour 
Strain 

rates [s1] 

0.01-0.1 

0.1-10 

10 - 100 

T[°C] 

< 850°C 

> 850°C 

< 850°C 

> 850°C 

< 850°C 

> 850°C 

V Murty/Rao 

Lowest η 
value. 

Moderate η 
value. 

Moderate η 
value. 

Highest η 
value 

increasing 
with strain. 

Moderate η 
value. 

High η value. 

K Murty/Rao 

No instability for 0.01/s. 
Instability for 0.1/s (strain 0.6) and 

no instability at strain 0.3. 

No instability for 0.01/s. 
Instability for 0.1/s (strain 0.3) and 

no instability at strain 0.6. 

Strain 0.3: stability. 
Strain 0.6: Instability 

Strain 0.3: Instability. 
Strain 0.6: lower strain rates and 

high temperatures: stability, 
others: instability. 

Instability. 

Instability. 

Kj 

Stability. 

Instability. 

Instability. 

Instability. 

Stability. 

Stability. 

Flow 1 
behaviour 

Softening. 

Softening. 

Steady state. 

Softening. 

Steady state. 

Steady state. 
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Conclusions 

Strengthening at low strains, as seen in Figure 1, is due to increment of dislocations density. At a 
particular strain, for low strain rates softening is seen at low temperatures and if this is compared 
with the processing maps it is the area with the lowest η value. In this area a big amount of ferrite 
is formed, which is deformed by dynamic recovery. At high temperatures for low strain rates, 
moderate η values are dominate in the area. The grains are coarser than at lower temperatures 
and only a few percentage of ferrite is present. For high temperatures and moderate strain rates, 
high η values can be seen, while at very high strain rates the value decreases again. The 
dependence of the grain size with the temperature and the strain rate, and the moderate η values 
above the 850°C can be related to dynamic recrystallization of austenite. The microstructure 
shows smaller austenite grains than for samples deformed at lower temperatures and higher 
strain rates. Two effects should be added to the high temperatures range, which retard 
recrystallization and result in low η value: 

- Due to the incomplete austenitization, ferrite still transforms into austenite by diffusion. 
This effect is observed at low strain rates which takes place during long times 

- Very large strain rates do not promote recrystallization and flow instabilities take place 

Damage has not been identified in any analysed sample. The instabilities at high strain rates are 
related to adiabatic flow, where the increment of temperature was measured about 30°C. 
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Abstract 

Some experiments with different temperatures (1173, 1223, and 1273K) and different annealing 
times (3, 4, 5, 6min) were carried out on cold-rolled plate of Fe-36Ni invar alloy. The 
microstructure and the mechanical properties were observed and tested respectively, and the 
fracture morphology was observed by SEM. The results show that with increasing of the 
temperature and the annealing time, the austenite grains gradually grow up accompanied by a 
small amount of annealing twin crystals, meanwhile, its plasticity and toughness are improved, 
and it is typical ductile fracture under the condition of tensile failure. After annealed at 1223K, 
the invar alloy has better comprehensive properties than that at the other annealing temperatures, 
and the grains size is more uniform. Furthermore, when the annealing time is 4min, the invar 
alloy has the best comprehensive properties. 

Introduction 

As we known, most metals and alloys expand with increasing temperature. More than one 
hundred years ago (in 1897), Guillaume observed that Fe-Ni alloy with face-centered cubic (fee) 
crystal structure, consisting of 36%Ni, showing a very small thermal expansion coefficient below 
the ferro-to-paramagnetic transition, the thermal expansion coefficient around room temperature( 
< 2 X lO^K"1 compared to most metallic materials which have a thermal expansion coefficient of 
10-20 X 10*6K4) [1, 2]. Since then, the subject has attracted many researchers, and various alloys 
with low thermal expansion coefficients have been developed. These alloys, generally known as 
"invar alloys", are in demand where dimensional changes due to variation in temperature must 
be minimized and where high stability is required [3,4], 

In view of low thermal expansion and good dimensional stability, these alloys are increasingly 
becoming important for several applications, such as precision measurement instruments, 
shadow masks, computer terminals, fire safety cutoffs, core wires of long distance power cables, 
advanced electronic components, and so on [5-8]. Therefore, market demand of invar alloy is 
very large. But the product quality of 4J36 invar alloy produced by most domestic manufacturer 
is not stable, which leads to bad plasticity, low strength and other defects. So annealing treatment 
is a very important process in production procedure of 4J36 invar alloy, because it can directly 
affect the final product quality. This article focuses on the effect of annealing treatment on the 
microstructure and mechanical properties of cold-rolled plate of 4J36 invar alloy, and supplies 
the reference data for rolling process of 4J36 cold-rolled strip in industry. 
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Experimental Procedure 

The experiment material is cold-rolled sheet of 4J36 invar alloy, and its thickness is 2mm. The 
chemical composition of this material is listed in Table 1. 

Table 1. Chemical composition of the tested 4J36 invar alloy (wt%) 

C% 

0.018 

Mn% 

0.30 

S% 

0.001 

P% 

0.009 

Si% 

0.23 

Cr% 

0.06 

Ni% 

36.25 

Fe% 

balance 

All the samples were obtained by wire-cut, and the diameter of metallographic specimens is 
10mm. Fig.l shows the geometry and dimension of tensile samples [9], in order to ensure the 
reliability of the testing results, three pieces of tensile samples were cut for the same heating 
treatment parameter. 

é 

1 
M Z 3 

*ψ 

w 
-w § 

Fig.l. Geometry and dimension of the tensile specimens at room temperature 

Then these samples were subjected to the following heat treatments in the box-type resistance 
furnace: Annealing treated at 1173, 1223 and 1273K for 3,4, 5 and 6 min, respectively, followed 
by air cooling, The metallographic specimens were prepared by mechanical polishing followed 
with chemical etching in a mixture of 4g CuS04, 20ml HCl, 12ml H2S04, and 25ml H20, then 
use metallographic microscope of Nikon LV150 to get the optical microscopy. Tensile test was 
carried out on electronic universal testing machine CMT5305, and three pieces of samples 
treated with the same process parameter were tested, and then removed the data of the sample 
which was broken abnormally. And the fracture morphology was observed by Hitachi SU1510 
SEM (scanning electron microscopy). The hardness (HRB) was measured on a Brinell, Rockwell 
and Vickers tester at load of lOOkgf, and each specimen was tested five times and then gets the 
average value of the data in reason. 

Results and Discussion 

Metallographie Struck 

From the phase diagram of Fe-Ni binary alloy (as shown in Figure 2.) [10], there is a α+γ two 
phases equilibrium structure when the Fe-Ni binary alloy of Ni content 28%-44% (wt%) slowly 
cools down, but obtains face-centered cubic γ solid solution after rapid cooling. And when Ni 
content is approximately 36%, 4J36 alloy is of a single γ-phase state without phase transition 
above 430SC, and Y austenitic structure is very stable. 
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Fig.2. The Fe-Ni binary alloy phase diagram 

Metallographs of all the specimens are shown in Fig.3-5. Fig.3 shows that it is a typical rolling 
structure with single-phase austenite in the original sample (rolling direction parallel to the 
horizontal plane), and the austenitic crystal grains deformed along the rolling direction can be 
observed obviously. From Fig.4-5, it is found that they are still single-phase austenite 
microstructures after annealing treatment, and the austenitic grains of all the samples gradually 
grow up accompanied by a small amount of annealing twin crystals with the increasing of the 
temperature and the annealing time, but the grains size is more uniform. The reason why 
annealing twins occur is that γ austenite has lower fault energy when new grain interface moves 
forward due to the stacking fault caused by some reasons, such as heat stress, etc [11]. 

Besides, from Fig.4 (a), it is found that after 1173K for 3min, the recrystallization process has 
been completed, and the grain size is small. At 1223K, annealing times have little effect on the 
grain size. However, at 1173K and 1273K, with the increasing of annealing time, the grain sizes 
increase. In addition, the occurrence of twin crystal is found in almost all the samples, and with 
the increasing of the temperature and the annealing time, the proportion of twin crystal structure 
increases, and in some grains, the twin crystals grow across the whole grain. And at 1273K for 
6min, the grain size is larger than that in the sample after any other process. 

Fig.3. Metallographic structure of cold-rolled sample 
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Fig.4. Metallographic structure of samples heated at 1173K, 
(a) 3 min; (b) 4 min; (c) 5 min; (d) 6 min. 

Fig. 5. Metallographic structure of samples heated at 1273K, 
(a) 3 min; (b) 4 min; (c) 5 min; (d) 6 min. 

The Effect of Annealing Treatment on Mechanical Properties 

As the mechanical properties of the plate play an important role in rolling process in industry, the 
mechanical properties of all the samples are tested. Tensile strength of original sample of 4J36 
invar alloy is 723.7MPa, and elongation is 6.4%, and hardness (HRB) is 94.2, respectively. After 
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deep cold deformation, the grains are elongated and the dislocation density is enhanced leading 
to the increase of alloy's lattice distortion, therefore the strength and the hardness is very high. In 
order to satisfy the production following rolling process, we carried on heat treatment to enhance 
alloy's comprehensive mechanical properties. Fig.6-8 show the effect of annealing time on 
strength, hardness and elongation at different temperatures. 

3 4 5 6 3 4 5 6 

Annealing time/mm Annealing time/rrin 

Fig.6. Curves of yield strength and tensile strength changed with different temperatures and 
annealing times 

Fig.6 shows that with the increasing of heating temperature and annealing time, the yield 
strength and tensile strength of 4J36 invar alloy sharply decline and have little difference among 
them. And when the annealing time is less than 5min, strength of 4J36 alloy declines, 
furthermore in details, the higher the temperature is, the more obviously the strength decreases. 
While when the annealing time is more than 5min, the strength decreases to a minimum value, 
and at 1173K and 1223K, the strength of 4J36 alloy will not change any more. 

1 4 5 F 
Annealing tirrtírrin 

Fig. 7. Curves of hardness changed with different temperatures and annealing times 

As shown in Fig.7, the hardness of 4J36 invar alloy drops sharply with the increasing of heating 
temperature and annealing time compared with the original sample. However, the hardness of 
4J36 alloy treated at 1173K is always higher than those that treated at 1223K and 1273K. At 
1223K and 1273K, the minimum hardness values are 67.3 and 68.3 respectively which reduce by 
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28.6% and 27.5% compared with the original sample. The hardness of 4J36 alloy treated at these 
two temperatures changes little, because their structures become more stable. When the heating 
temperature is 1223K, the grain size is very uniform seen from metallographic structure, so the 
hardness has little difference. But at 1273K, the grain size is very big and the twin crystal grows 
across the whole grain, which results in the decline of hardness. 

Fig. 8. Curves of elongation changed with different temperatures and annealing times 

From Fig. 8, it is found that the annealing treatment can significantly improve the elongation of 
4J36 cold-rolled sheet. As a whole, although the elongation improves along with the increasing 
of annealing times, the elongation of 4J36 invar alloy treated at 1173K and 1223K is more stable 
than at 1273K, and the elongation of 4J36 alloy treated at 1223K is always higher than those that 
treated at 1173K and 1273K along with the increasing of annealing time. When the heating 
temperature is 1223K with the increasing of annealing time, the elongation is getting up to the 
maximum value 42.0% which is 5 times more than that in original sample. 

fm\m Morphology 
Observed from the macroscopic fracture of the sample, no obvious necking near the tensile 
fracture is seen before and after failure, which showing that the samples happened uniform 
deformation along the longitudinal direction in the process of tensile deformation, while the 
contraction of the thwart direction was less. The microscopic fracture morphology of 4J36 invar 
alloy was observed by SEM which is shown in Fig.9. It is found that there are many different 
sizes of dimples in the fracture morphology showing in fig.9 (b) and (c), while the dimples are 
fewer and the deformation range near the fracture is very small in Fig.9 (a). All these results 
indicate that annealing treatment can significantly improve the ability of plastic deformation of 
4J36 cold-rolled alloy. In general, the bigger the depth of dimple is, the better the ability of 
plastic deformation is [12]. After comparative analysis, the quantity and depth of the dimple of 
fracture change little, while the elongation changed with different temperatures and annealing 
times as shown in Fig. 8, and the increasing of heating temperature has little influence on the 
ability of plastic deformation. 
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Fig.9. The fracture morphology of samples after different heat treatment 
(a) Original sample; (b) Heated at 1173K, 6min; (c) Heated at 1273K, 6min. 

From analysis above, heating temperature and annealing time can directly influence the 
strength, hardness and plasticity of 4J36 cold-rolled plate. But changes of these properties, will 
affect the quality of shadow masks, precision instruments and other industrial products 
manufactured by 4J36 invar alloy. The annealing temperature is too high or the annealing time 
is too long, it is easy to cause the extension of the product not uniform, and will result in 
adhesion after annealing, while the annealing temperature is too low or the annealing time is too 
short, it is easy to make the product out of shape when deformed. Thus, choosing the 
appropriate heating temperature and annealing time is critical in the heat treatment process of 
4J36 invar alloy. Considering the requirements in industry and the experiment results, it is 
found that 1223K, 4min is appropriate to the rolling process of 4J36 cold-rolled sheet. 

Conclusions 

1) 4J36 invar alloy is still single-phase austenite microstructure after annealing treatment, and the 
austenitic equiaxial grains of all the samples gradually grow up accompanied by a small amount 
of annealing twin crystals along with the increasing of the temperature and the annealing time, 
and it is typical ductile fracture under the condition of tensile failure. 

2) The yield strength and tensile strength of 4J36 alloy decline with increasing of heating 
temperature and annealing time, the higher the temperature is and the longer the annealing time 
is, the more obviously the strength decreases, and the more sharply the hardness drops. 

3) As a whole, the elongation improves along with the increasing of annealing time, and the 
elongation of 4J36 alloy treated at 1223K is always higher than those that treated at 1173K and 
1273K, the elongation is getting up to the maximum value 42.0% when the annealing is 6min 
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which is 5 times more than that in original sample. 

4) Considering the requirements in industry and the experiment result, it is found that 1223K, 
4min is appropriate to the rolling process of 4J36 cold-rolled sheet. 
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Abstract 

The present study was carried out to evaluate the mechanical properties of friction stir welded 
Inconel 600/SS 400 lap joints. In this process, friction stir welding (FSW) was performed at a 
tool rotation speed of 200 rpm and welding speed of 100 mm/min, and argon gas was utilized to 
prevent surface oxidation during the welding. Application of FSW notably decreases the grain 
size of Inconel 600 alloy from 20 μιη in the base material to 8 μηι in the stir zone. However, the 
grain size of SS 400 in the weld zone was slightly coarsened, when compared to the base 
material. Also, the hooking in the advancing side and the intermetallic compounds (M7C3) in the 
weld interface between Inconel 600 and SS 400 were well formed. These intermetallic 
compounds and hooking were effective to increase in mechanical properties such as tensile and 
peel strengths. 

Introduction 

Friction stir welding (FSW), applicable welding process at solid state, has several advantages in 
defect suppression such as blow hole, segregation and cracking which mainly occurs in fusion 
welding [1,2]. Notable grain refinement in the stir zone due to FSW can expect the outstanding 
increase in mechanical properties of the welds. In constructing the chemical and power plants, Ni 
base superalloys have been used in many parts, moreover, fusion welding as construct method, 
such as gas tungsten arc welding, electron beam welding and laser welding, has been mainly 
used [3-5]. However, fusion welding has a limit in an increase in chemical and mechanical 
properties in the welds. Lately, Ni base superalloys to which FSW applied have been reported 
with notable enhancement in mechanical properties, which resulted from refined grains in the 
welds [6-10]. These researches showed the possibility in applying the FSW, directly. 

On the other hands, welding between the dissimilar materials can be used in many ways. FSW as 
a welding method between dissimilar materials is promising to be a new welding process, and 
many researches on dissimilar materials (Al/Mg, Al/Steel and Al/Cu) has been reported [11-13]. 
However, the research on Ni base superalloy and Steel has not been reported thus far. Therefore, 
this study was carried out to evaluate the microstructures and mechanical properties of lap 
jointed Inconel 600 and SS 400. 

Experimental Procedures 

The materials used in this study were Inconel 600 and SS 400. To carry out the FSW, samples 
were prepared by 200 mm x 70 mm x 1 mm (Inconel 600, the upper side) and 200 mm χ 75 mm 
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χ 10 mm (SS 400, the lower side) sheets in size. FSW was conducted using WC-Co tool with 15 
mm shoulder in diameter, and 6 mm probe in diameter and 1 mm in length. To obtain a sound 
welds, the tool was tilted at 3° forward from the vertical, and argon gas was utilized to prevent 
the surface oxidation during the welding. FSW was performed at a tool rotation speed of 200 
rpm, a tool down-force of 22.5 kN and a traveling speed of 100 mm/min. In addition, the two 
types of welds, in which Inconel 600 alloy is located at advancing side and retreating side, were 
fabricated by FSW, respectively. 

In order to observe the macrostructures and microstructures on the welds, 10 ml HC104 and 90 
ml CH30H solution was prepared, and samples were electro etched on surface after polished 
with abrasive paper. Also, to evaluate the microstructure of the welds, scanning electron 
microscope (SEM) and energy dispersive spectroscopy (EDS) analysis were employed. 
Evaluation on grain shape, size and grain misorientation of the welds was carried out through 
electron backscattering diffraction (EBSD) technique. Furthermore, to evaluate the dispersed 
intermetallic compounds and MC carbides in the lap joint interface, transmission electron 
microscopy (TEM) analysis was employed. TEM observations were performed at an acceleration 
voltage of 200 kV. For the evaluation of mechanical properties, Vickers microhardness, tensile 
and peel test were employed. Vickers hardness was carried out on the cross section of the weld 
zone with a load of 9.8 N and a dwell time of 15 s. In case of tensile test, two types of tensile test 
specimens, in which Inconel 600 is located at advancing side and retreating side, were used to 
evaluate the transverse tensile strength of friction stir lap joints, respectively, as shown in Fig. 1. 
Two types of peel strength also carried out by similar methods which were applied at tensile tests. 

FSW zone FSW zone 

(a) T_Rgt. ¡LΒΟΠ
 Adv (b) __*!*: j υΐί.έι■ Adv' ^ 

<!■■■"■""""" Tensile direction > < Tensile direction > \ 

Figure 1. Tensile tested specimens in this study, (a) specimen in which Inconel 600 is located at 
retreating side and (b) specimen in which Inconel 600 is located at advancing side. 

Results and Discussion 

Macrostructure and microstructures of friction stir welded zone are shown in Fig. 2. Cross 
sectioned macrostructure showed a good weld without defects such as void and cracks well 
formed at lap joint interface, as shown in Fig. 2(a). Microstructures on lap jointed interface 
(lowercase letters from b to d in Fig. 2(a)) were observed by SEM. At b and c, jointed interfaces 
exhibited a good weld interfaces without any weld defect, as shown in Figs. 2(b) and (c), 
however, a hook was formed at advancing side, along the interface of Inconel 600 alloy from SS 
400, as shown in Fig. 2(d). 
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Figure 2. (a) Macro and (b-d) microstructures of jointed materials acquired by SEM. Ret. A and 
Adv. in figure (a) indicate retreating side and advancing side, respectively. Lowercase letters of b, 

c and d indicate the lap joint interfaces, and it was magnified at figures (b), (c) and (d), 
respectively. 

Grain boundary maps of Inconel 600 part are shown in Fig. 3. At base material, the grain size in 
average was approximately 20 μπι, and the low angle boundaries in the grain interiors was not 
observed, as shown in Fig. 3(a). Stir zone consists of significantly refined grains than those of 
base material, showing the average grain size of 8.5 μπι. There is not also observed the low angle 
boundaries in the grain interiors, as shown in Fig. 3(b). EDS analysis on the hook formed at 
advancing side of Inconel 600 was carried out, and its results are shown in Fig. 4. Ni and Cr 
elements in the Inconel 600 area were mainly detected. However, Fe element was strongly 
detected at the hook area. Therefore, these results show that the hook at the advancing side was 
formed by SS 400. 

High angle grain boundary — Annealing twin 
Low angle gram boundary 

Figure 3. Grain boundary maps of friction stir welded Inconel 600 acquired by EBSD. (a) base 
material and (b) stir zone. 
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Figure 4. SEM image and EDS results of the hook formed at joint interface between Inconel 600 
and SS 400. 

Results of TEM analysis on the joint interface of Inconel 600 and SS 400 are shown in Fig. 5. 
Grains with size from 200 to 500 nm in Inconel 600 alloy were distributed, as shown in Fig. 5(a). 
Also, MC carbides in the microstructure of Inconel 600 area were partially dispersed with size of 
50 nm, which were identified by M7C3 carbides, as shown in Fig. 5(b). However, the 
intermetallic layer at the joint interface of Inconel 600 and SS 400 was not observed. 

Figure 5. (a) TEM bright field image and (b) selected area diffraction pattern observed at joint 
interface of Inconel 600 and SS 400. 

Microhardness distributions of friction stir lap jointed Inconel 600 and SS 400 are shown in Fig. 
6. The base material of Inconel 600 showed the Vickers microhardness values of 200 - 210 Hv, 
as shown in Fig. 6(a). Application of FSW led to an increase in microhardness, as a result, the 
microhardness of the stir zone exhibited from 235 to 265 Hv, significantly increased values than 
those of base material, as shown in Fig. 6(a). Contrarily, SS 400 area below jointed interface 
showed the decreased microhardness values than those of base material. As a result, the base 
material and jointed zone below the interface exhibited 190 - 230 and 160 - 190 Hv, 
respectively, as shown in Fig. 6(b). 
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Figure 6. Vickers micro hardness distributions of friction stir welded materials, (a) Inconel 600 
and (b) SS 400 areas. 

Tensile and peel properties of lap joints are shown in Fig. 7. At base material, yield and tensile 
strengths were 319 and 656 MPa, with elongation of 51%. Friction stir welded joints showed 
slightly higher values, as a result, yield and tensile strengths of specimen, in which Inconel 600 
alloy is located at advancing side, exhibited 328 and 663 MPa with elongation of 50%, as shown 
in Fig. 7(a). Specimen welded at retreating side (Inconel 600) showed 346 and 685 MPa in yield 
and tensile strength, respectively, while elongation was 49%. Results of peel test on friction stir 
lap joints are shown in Fig. 7(b). Peel strength of the joints exhibited 0.128 and 0.44 kN/mm in 
adv. and ret. specimens, respectively, significantly higher strength at ret. specimen. 

(a) «o© 

Figure 7. Tensile and peel properties of friction stir welded lap joints. 

The material used in this study was Inconel 600 alloy which has low stacking fault energy of 
FCC metals [14]. In general, these materials can be easily led to the dynamic recrystallization, 
compared to the material with high stacking fault energy such as Al alloys, while it is difficult to 
rearrange the dislocation by the dynamic recovery [15, 16]. In other words, the materials with 
low stacking fault energy can make recrystallization nuclei more easily, compared to the 
materials with high stacking fault energy. Also, accompanying the higher dislocation density by 
severe deformation during the FSW can notably promote the recrystallization nuclei in density. 
Therefore, the recrystallization nuclei can be coincidently created at the grains and grain 
boundaries which have a higher density at dislocations. As a result, grain refinement can be 
obtained by the FSW, as shown in Fig. 3. 
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Vickers microhardness values of Inconel 600 alloy were significantly increased by FSW. This 
can be also explained in terms of the smaller grain size in the stir zone than those of the base 
material by FSW. In microhardness, the base material was ranged between 190 Hv and 215 Hv, 
however, the stir zone was ranged from 235 Hv to 269 Hv, increased over 20% in frequency 
when compared to the base material, as shown in Fig. 6(a). These increases in microhardness 
were caused by the reduced grain size in the stir zone, when compared to the base material. 
However, microhardness value in SS 400 was decreased in the just below joint interface, as 
shown in Fig, 6(b), which could be affected by the phase transformation due to the friction heat 
in the joint interface. Generally, the grain size is affected to the mechanical properties such as 
hardness and strength, therefore, this work showed clearly the effect of the grain refinement. 

The tool probe used in this study was a length of 1 mm, resulted in no penetration in the stir zone 
of SS 400 side, and joint interfaces between Inconel 600 and SS 400 showed the sound interface 
without any voids and cracks. Generally, FSW is accompanied with a high tool down force and 
heat iñ material, therefore, the interface of materials can be imposed the high pressure and heat, 
which results in mechanical bonding between the materials [17]. At lap joining, the formation of 
intermetallic compounds layer in the joint interface led to the deterioration in mechanical 
properties due to its brittleness [11, 12]. However, in this study, the intermetallic compounds 
layer in the joint interface was not formed, and just MC carbides like a M7C3 were partially 
formed at Inconel 600 side, as shown in Fig. 5. Therefore, the absent of intermetallic compounds 
layer and the strong mechanical bonding due to FSW in this study could lead to an increase in 
tensile properties, as shown in Fig. 7(a). 

The hook formed at advancing side, along the Inconel 600 alloy at joint interface, was effective 
to enhance the peel strength. Especially, the specimen, in which Inconel 600 alloy is located at 
advancing side, showed the higher peel strength than that of the specimen located at retreating 
side, as shown in Fig. 7(b). The hook formed in this study has the shape which tilted to 
advancing side, as shown in Fig. 4, along the Inconel 600 alloy from SS 400, which results in 
more high strength of advancing sided specimen due to the higher peel resistance in advancing 
side. Therefore, the peel strength of adv. specimen in this study could be shown higher value 
than that of ret. specimen. 

Conclusions 

Friction stir lap joints on Inconel 600 and SS 400 can be successfully obtained without weld 
defects such as voids and cracks. Application of FSW led to the notable grain refinement in the 
stir zone of Inconel 600, accompanying with dynamic recrystallization, which resulted in an 
increase in mechanical properties of Inconel 600. Lap joints showed a mechanically jointed 
sound weld interface, and MC carbides were formed at Inconel 600 area in the interface, 
however, intermetallic compounds layer in the welds was not formed. Also, the formation of 
hook in advancing side, along the Inconel 600 alloy from SS 400, was effective to develop the 
mechanical properties. Particularly, Lap joint, in which Inconel 600 is located at advancing side, 
showed notably higher peel strength. Therefore, the application of FSW in lap joint between 
Inconel 600 and SS 400 can develop the mechanical properties, effectively. 
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