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PREFACE

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

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

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

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



which illustrates the importance and interest level in materials characterization.
Finally, they would like to thank all past members and chairs of the committee for
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Abstract

The age hardening behavior in the 480-600 °C temperature range was studied in maraging steel
350. The age hardening at 480, 520, and 560 °C was modeled by an equation derived from the
Johnson-Mehl-Avrami-Kolmogorov (JMAK) model, while the overaging stage at 520, 560, and
600 °C was examined using a model based on the Orowan mechanism and on the Pardal model.
The results show that the model based on IMAK for the early aging stages has good fitting with
the experimental data in the 480-560 °C range. Furthermore, the precipitation seems to occur in
two stages at 480 °C. In addition, the model based on the Orowan mechanism and on the Pardal
model has good fitting at 520 and 560 °C, but the Pardal model fitting is better than that of
Orowan at 600 °C. This behavior is due to the reversion of martensite, which becomes significant
when the temperature increases.

Introduction

Maraging steels are low carbon martensitic steels that are hardened by precipitation of
intermetallic phases when they are submitted to aging treatment [1,2]. Commercial maraging
steels are usually iron-nickel-cobalt alloys with molybdenum, titanium and aluminum additions
[1,2], commonly used in aerospace and nuclear technologies [2-4]. The lath martensite of
maraging steels formed during quenching has a supersaturated matrix of alloying elements
containing high density of crystalline defects, mainly dislocations [2].

Previous works showed that the precipitation in maraging steels is a complex phase
transformation, involving the formation of several intermetallic phases during aging [5,6]. At
temperatures below 450 °C, S, n, and X phases are formed, while at temperatures above 450 °C,
Ni;(Ti,Mo) and Fe;Mo are formed [5,6]. At even larger temperatures, e.g., above 500 °C, both
Nis(Ti,Mo) dissolution and Fe;Mo precipitation causes austenite nucleation owing to nickel
enrichment of the matrix [7-9].

Age hardening of maraging steels has been studied by several authors [10-15]. These studies
showed that maraging steels have a one-peak typical age hardening curve: a strengthening stage
and a softening one [10-13]. Strengthening is attributed to the precipitation hardening caused by
ordered phases, coherent with the matrix [4,9-12], while softening is due to a change in the
precipitation hardening mechanism (Orowan mechanism) or to the martensite to austenite
reversion [8,11,12]. In the present work, the models commonly applied to the age hardening of
maraging steels are used to describe the experimental results obtained during the age hardening
of a maraging steel 350 in the 480-600 °C range.



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

bars is given in Table 1.

Table 1: Chemical composition (% wt) of the 350 maraging steel bars.

Ni Co Mo Ti Al S* C* O* N*
18.16 11.92 4.81 1.22 0.074 30 30 8 2.0
*In ppm

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

Results and Discussion
Figures 1 and 2 show the hardness of the sample as a function of time, illustrating the kinetics of
aging at 480, 520, 560 and 600 °C. The time to the hardness peak depends on the aging

temperature. Pardal et al. and Viswanathan et al. observed that this time depends on thermally
activated processes in maraging steels and follows an Arrhenius model [11,14].
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Figure 1: Kinetics of aging at 480 and 520 °C.
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Figure 2: Kinetics of aging at 560 and 600 °C.

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

AH= (k)" @)

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

Table 2: Values of n and k constants of the hardening model based on the IMAK equation
obtained in the present work (350 maraging steel) and those presented by Pardal et al. [11] and
Sha [12] (300 maraging steel). The correlation coefficient of the fitting, R, is also given.

Reference Temperature (°C) Time range n K (b R
Pardal et al. [11] 440 025h—-10h [ 020+0.02 [ 13x 10 | 097
Pardal et al. [11] 480 025h-20h [ 020+0.01 [ 5.0x10™ | 0.99

This work 480 0.1h-075h | 049+0.03 | 1.5x10° | 099

This work 480 075h—10h | 0.14+0.01 | 1.4x10"® | 099
Pardal et al. [11] 510 025h-20h [ 021+0.02 [ 39x10™ | 099

Sha [12] 510 160's — 25 min 0.29 3.1x10° | 0.95*%

This work 520 01h-1h 037+003 | 12x107 | 098
Pardal et al.[11] 560 025h-075h [ 0.16+001 | 1.7x 10" | 0.99

This work 560 01h-04h | 0214003 | 56x10% | 099

*R2

Visual examination of the fitting in Figure 3 and the correlation coefficient, R, in Table 2 show
that the model based on JMAK for the early aging stages has good fitting with the experimental
data between 480 and 560 °C. However, it was observed in Figure 3 that the precipitation
behavior at 480°C should be divided into two stages, which is probably a result of the formation
of several intermetallic phases at difterent times during the aging period [5].

The n values obtained in this work for the temperature of 480 °C were 0.49 + 0.03 in the first
stage and 0.14 + 0.01 in the second stage. Pardal et al. suggested that this behavior can occur in a
maraging steel 300 at 440 °C, where the parameter n for the first and the second stages were 0.29
+0.01 and 0.12 + 0.01, respectively [11]. Table 2 also shows that the k and n values presented by
Sha to describe the aging of the 300 maraging steel at 520 °C agree more closely than those
suggested by Pardal et al. [11,12]. In addition, n > 0.25 was observed for aging times shorter



than approximately 1 h at 480 and 520 °C, while n < 0.25 was verified for aging times longer
than 1 h at 480 °C, 520 °C or 560 °C.
Wilson also designed an equation for overaging based on the Orowan mechanism expressed by
[12-14]:

AH? = AH,™ + M.(t10) ')

where AH is the diference between the hardness of the overaged sample and the solution

annealed one, M is the temperature-dependent rate constant, t, is the time at peak hardness, and

AHy is the increment in hardness at the beginning of coarsening time t,. Figure 4 shows the

curves calculated with Eq. (2), compared with the experimental results of AH® as a function of
aging time at 520, 560, and 600 °C. In Table 3, the fitting coefticients M and AH, obtained in the
present work (350 maraging steel ) are also compared with those presented by Pardal et al. for a

300 maraging steel.
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Figure 4: Curves calculated using an Orowan-mechanism based model compared with
experimental results (dots) of AH® as a function of time for the softening during overaging at
520, 560, and 600 °C.

Table 3: Comparison of the AH,, to, and M values of the softening model based on the Orowan
mechanism obtained in the present work (350 maraging steel) and those presented by Pardal et
al. (300 maraging steel) [11] at 520, 560 and 600 °C. The correlation coefficient, R, of the fitting
process is also given.

Reference Temperature (°C) M AHp to (h) R
This work 520 432x 107 344 1 20 0.75 0.96
Pardal etal. [11] 560 4.57x 107 253 075 0.99
This work 560 1.55x 10 25514 16 0.4 0.97
Pardal et al. [11] 600 130x10°% 184 02 091
This work 600 9.61x10° 120+ 11 02 0.87




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

H=H;.t" 3

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

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

Reference Temperature (°C) p H, R

This work 520 -0.070 710:9 | 097
1;2{3;‘;;;;1'3[33)] 560 -0.053 5943 0.99
(nggsi;”goglg 0 560 20.073 613+7 | 0.9
?ggﬁgﬁ’;gg{gé} 600 -0.054 5233 0.99
(nggsi;”goglg 0 600 -0.034 476+4 | 0.94
?iﬁ gf;geitn: '3%101)] 650 -0.061 4288 0.99




Conclusion
From the above observations and analysis, we concluded that:

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

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

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

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

Introduction

In recent years, automotive manufacturers are coping with environmental pollution and more
restrictive environmental regulations. To tackle both these issues, car makers are increasingly
employing advanced high strength steels (AHSS) and high strength steels (HSS) to reduce
vehicles weight and, hence, fuel consumption. Currently, AHSS and HSS mainly comprise Dual
Phase (DP), TRansformation Induced Plasticity (TRIP), and hot stamping boron steel grades.
They are used for the fabrication of components obtained by sheet forming, such as B-pillar,
reinforcement and bumper bars.

Research activity is mainly focused on the development of new AHSS with improved
mechanical strength with the preservation, or improvement, of ductility [1-3]. The increase in
strength enables car manufacturers to reduce the overall weight of vehicles, whereas improved
ductility enhances crashworthiness capability. New high manganese AHSS (Mn usually ranges
from 15 to 25 wt. %), known as TWIP, have been recently proposed for the fabrication of car
body-in-white, due to their excellent combination of strength and ductility. These steels exhibit a
remarkable combination of mechanical strength and ductility because of the formation of
mechanical twins during plastic deformation. Mechanical twins are responsible for high strain
hardening, thus preventing necking and maintaining a very high strain capacity. Tensile strengths
higher than 1000 MPa and elongation at fractures larger than 50% are usually obtained [4-5].

A widespread usage of TWIP steels in automotive industry is conditional on proper welding
operation to assemble car body components. The mechanical properties and ductility of
dissimilar welded steel sheet depend considerably on the heating, melting, and solidification
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stages during the welding process. Therefore, welding input parameters play a very significant
role in integrity and quality of a weld joint [6-9]. Studies concerning arc welding of TWIP steel
grades with other HSS and AHSS have shown that the significant thermal energy involved in the
welding process badly influence the joint quality. Indeed, welding cracks, significant chemical
segregations in the fusion zone, and poor mechanical properties are usually found in weld seams
[7, 10-11]. The use of proper metal fillers (usually austenitic steel grades) are recommended to
avoid the formation of extensive regions of hard and brittle martensite in the fusion zone, and to
promote, instead, the formation of a ductile austenitic microstructure [7]. The use of laser
welding, which notably reduces the thermal energy involved in the welding process, might
reduce the occurrence of the abovementioned issues.

Therefore, in the framework of a large campaign on the introduction of advanced high strength
steels in car body design and fabrication, it was decided to investigate the mechanical response
of dissimilar butt joints between high carbon TWIP steels and commercial hot stamping boron
(22MnBS5) steels, DP and TRIP steels, obtained by Nd-YAG laser welding. Dissimilar butt joints
between the DP steel and 22MnB5 or TRIP steels have also been examined for comparison.
Optical microscopy and Vickers microhardness measurements have been also used to detect the
metallurgical constituents of the microstructures encountered in the fusion zone, the heat atfected
zone (HAZ), and the base material. Thereafter, a series of tensile specimens, cut perpendicularly
to the welding line, have been mechanically tested, their rupture surfaces being thereafter
subjected to fractographic SEM examination.

Materials and experimental procedure

TWIP steel is a Fe-C-Mn alloy produced on industrial scale by continuous casting, hot and cold
rolling, and continuous annealing. The employed sheets were 1.6 (£0.05) mm thick. Hot
stamping 22MnBS5 steel sheets were received in the as-fabricated condition, i.e. with a ferritic-
pearlitic microstructure, as a 1.5 (+0.05) mm thick sheet; they were heat treated before welding
in order to simulate industrial hot-stamping. To do this, the sheets were austenitized at 900 °C
for 4 min and then press quenched to room temperature in a mold with flat faces. The DP and the
TRIP steel consisted of commercial metal sheets with a thickness of 0.8 and 1.1 (£0.05) mm,
respectively. The examined steels chemical composition is listed in Table 1.

Table 1. Chemical composition (wt. %) of the examined steels. P+S<0.03% in all cases.

Steel C Si Mn Cr Mo Al Ti B
TWIP 0.66 0.20 234 0.13 0.12 0.038 - 0.0021
22MnB5 0.25 0.23 1.30 0.13 - 0.036 0.039 0.0047

DP 0.09 0.21 1.65 0.43 - 0.030 0.003 -
TRIP 0.23 1.50 1.90 0.03 0.01 0.052 0.007 0.0022

Dissimilar butt-joints of TWIP steels with the other steel grades, i.e. TWIP/DP, TWIP/22MnB,
TWIP/TRIP combination, were produced by laser welding using an anthropomorphic industrial
robot. TWIP/TWIP joints and dissimilar butt-joints DP/TRIP and DP/22MnBS5 were produced by
the same welding process for comparison. During welding the sheet edges were in direct contact
and the sheet faces were aligned on the side opposite to the welding torch. A shielding gas
(nitrogen), which flowed coaxially in the welding torch with a flow of 10 I/s, was used to protect
the weld seams from environmental contaminants. During the welding tests, the laser power
ranged from 1.25 to 1.5 kW (depending on the sheets thicknesses), the laser torch speed was 25
mnV/s, and the focus of the laser beam was 1 mm above the surface of the sheets. No filler metal
was used during the welding operations. Full weld penetration was achieved in all cases.
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Optical microscopy was performed on metallographic cross-section of the welded joints, after
nital etching. Microhardness line profiles were carried out on the same samples, with 100 g load,
perpendicularly to the weld seam, in order to evaluate the mechanical inhomogeneity arising
from the microstructures occurring after the welding process. Flat tensile specimens, cut in the
direction perpendicular to the weld seams, were tested by a servohydraulic testing system under
0.2 mm/s actuator displacement control. Ultimate tensile strength was calculated by considering
either the original cross section of the fracture region, or the average cross section of the two
sides if the fracture occurred in the weld seam. Elongation to fracture was calculated by
considering the actuator displacement and the estimated length of the deformed region (120
mm). The fracture surfaces were then examined by optical and scanning electron microscopy.

Results and discussion
Microstructure

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

! : : 4 3 3
Figure 1. Microstructure of the TWIP, DP, and TRIP steels in the as-received conditions, and of
the 22MnBS steel after the laboratory heat treatment.

The microstructure of the TWIP/TWIP joint does not change after the welding process; it always
consists of an austenitic phase both in the fusion zone and the HAZ.. The microstructure exhibits
a dendritic morphology in the fusion zone, and grain coarsening in the HAZ. No microstructural
changes can be revealed beyond 0.1 mm from the border of the fusion zone.

The microstructure of the fusion zone of all dissimilar joints mainly consists of martensite,
Figure 2.

Regardless of the type of dissimilar joint, the microstructure of the HAZ of the 22MnB5, DP,
and TRIP steels are similar and are described hereafter. Close to the fusion zone, where the steel
was fully austenitized during the welding process, the microstructure is completely martensitic,
(Figure 3). Further away, the amount of martensite decreases and ferrite Zones appear due to the
lower cooling rates. Finally, in the HAZ region close to the base metal, which was not
austenitized during the welding process, the original martensite underwent a subcritical
tempering, and the original austenite in the TRIP steels transtormed into martensite.
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Figure 3. Microstructure of the HAZ, of the 22MnBS5, DP and TRIP steels, adjacent to the fusion
zone of dissimilar TWIP welded joints.
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Microhardness

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

The softening of the microstructure of the DP and TRIP steel in the HAZ close to the base
material is attributed to the subcritical tempering of the original martensitic microstructure. At
the 22MnBS5 side in DP/22MnBS joints, the HAZ consists of fully martensite close to the fusion
zone, and of tempered martensite close to the base material. The extension of the tempered
martensite region is more pronounced in the 22MnBS steel in respect to the DP and TRIP steel,
which is due to the larger amount of martensite in the initial microstructures.

Tensile tests

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

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

Steel YS [MPa] | UTS [MPa] er [%o] Fracture region
TWIP 460 1005 45 -
22MnB5 1050 1440 5 -
DP 470 690 19 -
TRIP 455 860 26 -
TWIP/TWIP - 850 25 FZ
TWIP/22MnB5 - 620 3 FZ
TWIP/DP - 410 0.5 FZ
TWIP/TRIP - 500 1 FZ
DP/22MnB5 - 875 18 DP side
DP/TRIP - 850 22 DP side

Unwelded TWIP steel exhibits a yield stress similar to the DP and TRIP steels, even though the
tensile strength and the elongation to fracture are much larger. The 22MnB5 steel shows the
highest yield stress and tensile strength, but the lowest elongation to fracture.

Regardless of the nature of the steels, the yield point of the welded samples was triggered by the
sheet side that first reached yield strength, as the weld seams were more resistant.

The dissimilar butt joints of the TWIP steel failed along the weld seam exhibiting poor
mechanical properties. Indeed, the latter joints experienced very low plastic deformations (less
than 3%) and notably lower ultimate tensile strengths in respect to the parent steels. This clearly
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indicates that the mechanical behavior of these welded joints is mainly aftected by the
microstructure of the fusion zone, which consists of martensite.

The butt joint TWIP/TWIP steel also failed in the fusion zone; however, the reduction in tensile
strength is more limited (about 15%) in respect to the parent steel, whereas it is more pronounced
for ductility (the elongation at fracture is down by about half).

The DP/22MnBS5 and DP/TRIP welded joints failed at the DP side and exhibited similar tensile
strengths and elongation at fractures. This is consistent with the fact that the tensile properties
and plastic deformation of these welded joints are mainly triggered by yielding of the DP steel
due to its lower tensile strength and sheet thickness in respect to the 22MnB5 and TRIP steel
sheets.

Fractography

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

Mg - : 3 e | o :
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Figure 5. Fracture surfaces of the TWIP and DP steels in the as-received conditions, and of the
22MnBS5 after the laboratory heat treatment.

The fracture of the TWIP/TWIP tensile specimens occurs in the fusion zone of the weld seam.
The fracture surfaces are fully ductile, Figure 6(a), with the occurrence of dimples (Figure 6(b)).
In this case, the morphology of the dimples is different in respect to those obtained in the TWIP
steel in the as-fabricated condition; indeed, the bimodal distribution is absent and dimple depth is
less pronounced than in the as-fabricated case, as in the case of constrained ductility.

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

(a

TWIP/22MnB5 TWIP/DP

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

Conclusions

Regardless of the type of joint, the HAZ of TWIP steel consists of slightly enlarged austenitic
grains, of the order of 10 um (the initial grain size was around 5 pm), whereas phase
transformations occur in the HAZ of the 22MnB5, DP, TRIP steels. Fully martensitic
microstructures occurs in the HAZ of the 22MnB5, DP, TRIP steels close to the fusion zone. A
wider HAZ was identified in 22MnBS5 steel in respect with the HAZ occurring in the welded
joints of TWIP, DP, TRIP steels. Furthermore, the difference between the maximum and
minimum hardness in 22MnB5 is higher than those in the TRIP and DP parts, however, the
original hardness of the 22MnBS5 steel is much higher than that of TRIP and DP steels. This is
attributed to the lower carbon content of the latter steels, and to the tempering of the fully
martensitic microstructure of the 22MnB steel during the welding operation; on the contrary,
tempering affects only the limited amount of martensite which is present in the TRIP and DP
steels, but not the ferrite. At all the welded joints of the TWIP steel, regardless of the other steel,
the fracture surface of the welded tensile specimens occurs in the fusion zone of the weldments.
The weldments of the TWIP/TWIP samples exhibit an austenitic microstructure with rather good
mechanical properties, the fracture surface being ductile. The other weldment combinations
(with the TWIP steel), instead, show low tensile strength and ductility, which is attributed to the
formation of martensite in the fusion zone. In the dissimilar weldments of the DP steels with the
other low-alloy steels, the fractures occur in the DP side due to its lower tensile strength and
smaller resistance cross section in respect to the 22MnB5 and TRIP steels.
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As reported in previous studies concerning dissimilar arc welding of TWIP steels, also the laser
welding of TWIP steel with low carbon steels (alloyed and not) is not recommended without the
use of the proper filler metal to avoid the formation of brittle martensite within the fusion zone.
In particular, the ultimate tensile strength after laser welding of the TWIP/22MnB5 was about
20-30% lower than the one previously found after MAG welding [10].
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Abstract

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

Introduction

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

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

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

Experimental

Impulse Atomization (IA) and Spray Deposition (SD)

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

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

Results

Measurement of cell spacing

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

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

Cell spacing variation over the range of particles size and cooling rates investigated for both Al-
4.5wt% Cu (IA-0.0wt%Sc) and Al-4.5wtCu-0.4wt% Sc (IA-0.4wt%Sc) produced by impulse
atomization are presented in Figure 3.
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Figure 3 Variations of average cell spacing with average droplet size and
cooling rate respectively (a) IA droplets under argon (b) IA droplets and
SD on a copper substrate both under argon.

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

Cooling rates corresponding to each droplet and SD cross-section (cut-offs of each deposit at the
center where the thickness is the most homogeneous) has been estimated using the empirical
expression of the secondary dendrite arm spacing A, (Eq.1) of Al - 4wt% Cu powder produced
by close coupled gas atomization [7]:

A, =B(M)™ ¢h)
Where 7 is the cooling rate, B=58.7, a parameter depending upon the Cu concentration of the
alloy and the exponent # = 0.355 [8].
Figure 3b shows the variation of cell spacing for both IA droplets and SD. As expected, the

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

Measurement of eutectic fractions and estimation of primary and eutectic undercoolings

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

we__ VXPs @
Vexp, +VEXp,
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The densities of the eutectic structure and the a-phase p, and p, were obtained from the elemental
weight percent of the eutectic structure measured by Point-located Energy Dispersive X-ray
spectroscopy (EDX). The densities of Al and Cu are p,~2700kg m > and p-,~8920kg m ™ [10]
Figure 4b compares the eutectic fraction (wt %) at different positions of the deposit cross section.
Despite the variation of cooling rate from top to bottom, the eutectic fraction is consistent
throughout the cross-section area and equal to the eutectic fraction of a droplet of 350 um in
diameter which is the estimated value of the D50 of the spray through nozzles size of 250 pm
[11]. This suggests that eutectic fraction is nucleation undercooling dependent rather than
cooling rate dependent. And, as expected the eutectic fraction is lower than the well-known
Gulliver-Scheil model prediction.

Subsequently, the eutectic fractions were used in the Al-Cu phase diagram with metastable
extensions of solidus and liquidus lines (Figure 5) to determine the corresponding eutectic
undercoolings. The eutectic undercoolings were then combined with an approximate coarsening
model to determine the primary undercoolings. A detailed description of the steps is described in
a previous work [12].
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Figure 5. Aluminum rich hypoeutectic region of Al-Cu phase diagram
calculated by Thermo-Calc. The dashed lines represent the extension of
solidus and liquidus lines obtained by suspension of Al,Cu.

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

Conclusions

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

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

Introduction

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

Previous researches has concentrated on the influence of the SLM process parameters on the

BT or studied on the

product properties such as the surface roughness and relative density,
mechanical properties of fabricated parts. ® Nevertheless, there is no completely research on the
powder used in SLM.

Powder characteristics have special influence on SLM process such as particle size, surface
contour, melting point, fluid properties etc. and these characteristics have important influence on the
SIM process and fabricated part®. This article comprehensively investigated the IN718 powder

used in SLM and the microstructure of IN718 sample fabricated by SLM.
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Characteristics of IN718 powder used in SLM

Particle size

1. Measuring particle size by laser particle analyzer

Mastersizer 2000 Laser Particle Analyzer was used to measure the particle size of IN718
powder, and the reagent used to disperse the powder was alcohol. The result is shown in Table 1 and
Figure 1.

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

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

volume average particle surface area average particle specific surface area S4
diameter D; diameter D,
38.23um 29.201um 0.205m%g
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Figure 1. Size distribution of the IN718 powder

2. Measuring particle size by SEM

15 micrographs of IN718 powder were taken by SEM (as shown in Figure 2) and particle size
of the powder in the micrographs was measured and averaged by Image-Pro-Plus (IPP) software,
the result is shown in Table 2. The average particle size is 22.95um, the maximum particle size is
112.27um and the minimum particle size is 5.03pum, compared table 1 with table 2, the result of
particle size obtained by the IPP software is less than the particle size tested by laser particle

analyzer, this may indicate that using alcohol to disperse the powder leads to incorrect size
measurements.
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Figure 2. Representative SEM micrograph of IN718 powder

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

Average particle size/um  Maximum particle size/um Minimum particle size/um
22.95 112.27 5.03

Particle shape and ellipsoid coefficient

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

SEMIA 20 WY WAE 178 mm S e 20 Y WAE 1A e
SIMMAGS00x  Dsteimidyk 631813 50 um
S5 MR 500 & SEM I 30 W

SEM MAG 200kn  Dabrimady GX18711 79 pm

Figure 3. SEM images of IN718 powders

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

Long

J',h\iq

Short -
axis

Figure 4. schematic diagram of coefficient of ellipsoid

Surface chemical composition of IN718 powder

Infrared spectrometer was used to detect if there is organic matter adhering to the surface of
IN718 powder, the result is shown in Figure 5. The wave number between 3000cm-1 to 3500cm-1
illustrates the presence of moisture (-OH) that has been adsorbed on the powder surface when the
powders were in contact with the environment during the sample preparation process for
measurement. The IR spectrum of the phosphor indicates that there is no organic matter on the

IN718 particle surface.
SN A
-OH

i aerumbers icnot)

Figure 5. The infrared spectrum of IN718 powder

The microstructure of IN718 powder

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

high.
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Figure 6. SEM image showing the particle internal microstructure of IN718 powder

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

Thermal analysis of IN718 powder

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

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

Fluid properties of IN718 powder

Fluid properties of the powder include apparent density, tap density, and angle of repose. The
apparent density means the density of natural powder; and the tap density means the density of
compact powder; the angle of repose is defined to represent the fluid properties of the powder
defining the angle of repose as: powder falls into the platform freely and forms a cone, the angle
between the platform and slope of the cone is the angle of repose. Small angle of repose is good for
the fluid properties of powder. Generally consider, when the angle of repose 6<30°, the fluid
properties of powder is excellent, and when 30°<8<40°, the fluid properties of powder can meet
fluidization, injection and spreading requirement of production process.

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

Table 3. the result of the fluid properties

apparent density p; tap density p; Compressibility angle of repose ¢
g/ml g/ml /% /°
4.03 5.00 19.30 39.00
SLM Experimental

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

study were presented in Table 4.
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Table 4. SLM experiment conditions used in IN718 sample fabrication

Manufacturing parameters Value
Laser power P, W 195

Laser scanning speed v, mm/s 1200
Powder layer thickness d, pm 50
Protect atmosphere Ar

Microstructure and Characteristics of fabricated sample

The fabricated IN718 sample was shown in Figure 9.

Figure 9. The fabricated IN718 sample by SLM

The microstructure of fabricated IN718 sample

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

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

100 um

Figure 10. Optical micrographs of the fabricated IN718 sample

(a) vertical to buildingsection,(b) cross to building section

35



The XRD pattern of SLM fabricated IN718 sample is shown in Figure 11. Phase composition
of the sample was almost the same as the powder, include vy phase (Ni-Cr-Co-Mo) and Fe-Ni. The
reason may be that the solidification rate was very fast in both IN718 powder production and IN718

sample SLM fabrication process.
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Figure 11. XRD pattern of fabricated sample

Thermal analysis of fabricated sample

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

changed during heating process.
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Figure 12. Thermal analysis of fabricated sample
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Conclusions

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

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

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

Introduction

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

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

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

1) stress-free FIB cross-sectioning - subsurface information

2) high-resolution imaging — surface and FIB sections

3) chemical composition — energy dispersive X-ray spectroscopy (EDS)

4) Crystallographic orientation — Electron backscattered diftraction (EBSD)
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5) Micro deposition and micro etching — circuit editing, protection to TEM foils

6) In situ lift out (micro manipulator) — TEM specimen preparation

7) TEM specimen preparation — site specific cross sectional and plan view TEM samples
8) Scanning transmission electron microscopy (STEM) — BF and DF imaging of TEM foils

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

Instrumentation

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

Practical Examples

High resolution imaging

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

TiO; is one of the most studied materials in recent years. Bulk TiO, is known to be a very useful,

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

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

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

Stress-free Cross-sectioning

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

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

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

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

In some cases, multiple cross sections are desired to obtain microstructure information in three
dimensions. In a study of high temperature corrosion resistance of stainless steels, small particles
are found to form on the surface. Stainless steels passivate themselves by forming continuous
Cr,0; layer that reduces inward oxygen diffusion and outwards iron diffusion. The appearance
of these microscopic particles can either be an early sign of passive film dissolution that could
result in short-circuit oxygen inwards diffusion leading to accelerated corrosion, or simply be
surface deposit during corrosion experiment. These particles are small, and conventional FIB
section can be used to investigate particle-passive film-substrate relationship. However multiple
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sections can provide a comprehensive view of the connection between these particles to stainless
steels substrate. These particles are very small, and conventional metallurgical serial sectioning
can only obtain images at approximately 50 pm per slice. At CanmetMATERIALS, we
successfully performed automatic FIB serial sectioning on a selected particle formed on the
corroded steel surface.

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

The serial sectioning and imaging was set to run automatically with pre-set milling (slicing)
intervals. In this particular case shown in Figure 4, the FIB milling of 300 nm per slice was
achieved with a total of 80 slices. The entire particle was found to be above the passive Cr,Os
film, and not connected to the substrate at any point. With the serial sectioning in Figure 4, we
were able to conclude with confidence that these particles are a result of surface deposition
(precipitation) during cooling process in the high temperature corrosion experiment when

45



solubility of the dissolved ionic species in solution reduces. Corrosion resistance of the stainless
steel was not compromised under this experimental condition.

Plan view TEM Specimen Preparation

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

FIB Milling

Target Area FIB Deposition

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

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

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

Conventional methods to characterize the fatigue behavior of metallic materials are very time
and cost consuming. That is why the new short-time procedure PHYBALcyr was developed at
the Institute of Materials Science and Engineering at the University of Kaiserslautern. This
innovative method requires only a planar material surface to perform cyclic force-controlled
hardness indentation tests. To characterize the cyclic elastic-plastic behavior of the test material
the change of the force-indentation-depth-hysteresis is plotted versus the number of indentation
cycles. In accordance to the plastic strain amplitude the indentation-depth width of the hysteresis
loop is measured at half minimum force and is called plastic indentation-depth amplitude. Its
change as a function of the number of cycles of indentation can be described by power-laws. One
of these power-laws contains the hardening-exponentcyr ez, which correlates very well with the
amount of cyclic hardening in conventional constant amplitude fatigue tests.

To identify heat-treatment-parameters and SAE 52100 TRIP-alloys with high hardening rates as
well as their damage tolerance the PHYBALcyr- and PHYBALpr-method were used. One
modified SAE 52100 TRIP-alloy was investigated in detail. The fatigue behavior and the cyclic
hardening of the selected SAE 52100 TRIP-alloy was investigated and compared with
conventional SAE 52100. Conventional stress-controlled fatigue tests were performed on a
servo-hydraulic test system with a frequency of 5 Hz and a load ratio of R = -1. Different rates of
cyclic hardening were identified. The size of the nonmetallic inclusions leading to crack
initiation and the number of cycles to failure were used to evaluate differences in the damage
tolerance capability.

Introduction

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

Three alloy variants of SAE 52100 were considered. The first one was melted in industry in an
electric arc furnace, forged to 100 x 100 mm?, spheroidise annealed and is named in the
following SAE 52100. The second alloy variant contains 1.9 % aluminum and the third alloy
variant contains 1.0 % silicon in order to induce a TRIP-effect. The chemical compositions are
given in Table I. SAE 52100 + 1.9 % Al and SAE 52100 + 1.0 % Si were produced as laboratory
melts in a 2 kHz vacuum induction furnace and cast into 80 kg ingots with a cross-section of
140 x 140 mm?. The as-cast materials were heated stepwise to 1250 °C, homogenized for two
hours, open-die forged to 60 x 60 mm? and normalized. The steel was selected, melted and
analyzed by the Department of Ferrous Metallurgy (IEHK) RWTH Aachen University. Fatigue
specimens of steel SAE 52100 were austenized at 830 °C for 30 minutes, quenched in oil at
60 °C and finally annealed at 180 °C for 2 h. One batch, SAE 52100-1, was heat treated in a
vacuum system with oil-quenching the second batch (SAE 52100-I1) was heat treated in a bell
furnace (atmospheric furnace flushed with N3) with oil-quenching. The nominal heat-treatment
parameters were identical. Dilatometer specimens of the steels SAE 52100 + 1.9 % Al and SAE
52100 + 1.0 % Si were austenized at 900 °C for 5 minutes, quenched by nitrogen to room
temperature and austempered at 220 °C at different times of 3 h to 10 h. The fatigue specimens
of steel SAE 52100 + 1.9 % Al were austenized at 900 °C for 35 minutes, quenched in a salt bath
at 220 °C and austempered at 220 °C 5 h. The heat treatment processes were carried out at the
Foundation Institute of Materials Science (IWT) in Bremen.

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

C Si Mn P S Cr Mo Ni Al Cu
SAE 52100 (LII) 093 | 0.25 | 0.34 | 0.006 | 0.001 | 1.50 | 0.03 | 0.12 | 0.031 | 0.18
+1.9 % Al 092 | 025 | 037 | 0.004 ]10.002 ] 1.52 | 0.04 | 0.13 | 1.90 | 0.19
+1.0 % Si 0.92 | 1.00 | 0.34 | 0.005]0.002 | 148 | 0.03 | 0.12 | 0.008 | 0.18

The PHYBALcur-Method

The PHYBALcur-method requires a planar material surface to perform ten cyclic force-
controlled hardness indentation tests exactly at one identical position. For the investigations
described in this paper a Vickers indenter, a sine load function and a compressive force
of -1000 mN were used (Figure 1a)). According to the general procedure of Martens hardness
tests, the indentation-depth /# was measured. Thus, a force-indentation-depth-hysteresis can be
plotted what is shown exemplarily in Figure 1b for the third cycle. In analogy to the plastic strain
amplitude the indentation-depth width of the hysteresis loop was measured at mean load and
named plastic indentation-depth amplitude /,,. To characterize the elastic-plastic material
behavior, the change of the plastic indentation-depth amplitude was plotted versus the number of
indentation cycles. To take into account scattering, the measurement was repeated at 20 different
positions of the specimen. This results in an average-value-curve of the plastic indentation-depth
amplitude which is characteristic for each material resulting of different heat treatment and alloy
variants.
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Figure 1. a) Test-procedure with the indentation depth A, b) Hysteresis exemplarily shown for the
third cycle with the definition of the plastic indentation-depth amplitude 4,, and

¢) Plastic indentation-depth amplitude 4, ,-N-curve described by two power-laws /,,r and /1,

Figure 1c) shows the plastic indentation-depth amplitude /., as a function of the number of
indentation cycles N for a steel. The double-logarithmic plot reveals that after the fifth cycle the
curve can be described by a single power-law which is specified as /1, ;7 in equation (1).

for N > 4: ha,p = hayp[[ =ag N u (1)
For the indentation cycles two to four the difference between the measured %, ,-N-values and the
hapr-function can also be described by a power-law specified as /.. This means, the /,,-N-
relationship can be described by the sum of the two power-laws /1, r and A, pr with equation (2).
for2<N<4: hap = haprt apr= g N + agN % 2)
As the function A,y is a part of the mathematical description for all indentation cycles it is well
suited to characterize the elastic-plastic behavior of metallic materials: The coefficient ay descri-
bes the vertical position of the /,,-N-curves. This position is determined by the plasticity and the
coefficient increases with increasing plasticity of the test material. Consequently, ayis defined as
plasticitycur. The exponent e describes the slope of the 4,,-N-curves and thus the hardening
rate of the different steel variants. Consequently, e was defined as hardening-exponentcyr eyr. exr
correlates very well with the amount of cyclic hardening in conventional constant amplitude
tests. [3]

The PHYBAL; r-method

On the basis of one load increase test (LIT) and two constant amplitude tests (CAT) the
physically based fatigue life calculation method PHYBALpr enables the calculation of the
equations of Woehler curves in an excellent accordance to those determined conventionally with
20 or more specimens. The PHYBALyr procedure is described in detail for the steels SAE 1050
and SAE 4140 as well as the magnesium alloy MRI 230D in [4]. In the following, only the basic
procedure is explained.

For the PHYBAL 7 tests described in this paper, axial stress-controlled fatigue tests were
performed on a servo-hydraulic test system with a frequency of 5 Hz and a load ratio of R = -1.
In the load increase tests a step length of 9 - 10% cycles and load steps of 20 MPa were applied.
The change in specimen temperature A7 was measured with one thermocouple fixed in the
middle of the gauge length, 7’;, and two thermocouples, 7> and 773, fixed at the elastically loaded
shafts and calculated according to equation (3).

AT =T, —

Tr+Ts 3)
2

As shown by Starke et al., the change in temperature A7 correlates with the plastic strain
amplitude g,, and can be used to describe the cyclic deformation behavior as well as for the
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calculation of fatigue life [4]. On the basis of PHYBALLr the pairs of values (o, A7) measured
in the load increase tests LIT and the two constant amplitude tests CATeyp. at 10* cycles (solid
symbols me in Figure 2), a Morrow equation can be calculated. This Morrow equation is given
by the CAT open symbols (O, Figure 2) in analogy to cyclic-stress-strain-curves as cyclic-
stress-temperature-curve. The ratio Q(o,) of the values measured in the constant amplitude tests
at 10* cycles and the corresponding load levels of the load increase test was determined by
dividing A7 (CATey)and AT (LITexp ). A linear relation between Q(a,) and g, can be used [3].
The values (o,, A7) for constant amplitude loading CATy, are calculated by multiplying the
AT -values of the load increase test LIT with the related ratio Q(oy). Consequently the pairs of
values (o, A7) of the load increase test are used to calculate the Morrow equation, which is
shown in Figure 2. With the exponent #’,7 of the generalized Morrow power-law the exponent
b,r of the generalized Basquin power-law can be calculated according to Figure 2. With the
number of cycles to failure Nyof one constant amplitude test, a generalized Basquin equation can
be calculated, describing the Woehler curve in excellent accordance to conventionally
determined ones.

*LT
= C‘M"‘T’ | . . ganaralized Morrow and Basquin aquation _'\
O CAT 4 o [ ] i
‘o0 e a, = K'yr(AT)" e g = ' ar (2N
Q
o Oi-u - ‘\%_‘
o L and
o ° b = AT Y
o . AT 7 Swaret \(\
] . o)
T Ny

Figure 2. PHYBALyr based on the deformation-induced change in temperature A7, schematically.

Results and Discussion

PHYBALcpr was used to identify an austempering time for SAE 52100 + 1.9 % Al to initiate an
optimal TRIP-effect. Figure 3a) shows the influence of the austempering time at 220 °C on
hardness, retained austenite (measured at IWT-Bremen), hardening-exponentcur ey and
plasticitycyr az. The Martens hardness values were calculated from the first indentation cycle
according to [5]. The content of retained austenite increases up to an austempering time of 5 h.
Consequently, the hardness decreases. Due to the TRIP-effect |ey| and |ay increase in direct
correlation with the content of retained austenite. If the austempering time is longer than 5 h, the
content of retained austenite decreases and the hardness increases (compare Figure 3a)).
Furthermore the results indicate clearly, that the hardening-exponentcyr ej7 is able to describe the
linked reduction of hardening. Consequently, PHYBALcyr is a suitable method to quantify the
influence of retained austenite on hardening due to the TRIP-effect. The results show another
remarkable benefit of PHYBALcgT, as it is able to detect the influence of heat-treatment
parameters immediately on dilatometer specimens. Figure 3b) shows the hardening-exponentscyr
ey for SAE 52100 + 1.9 % Al and SAE 52100 + 1.0 % Si. Furthermore, Figure 3b) shows, that
after the austempering time of 3 h different hardening-exponentscyr ey for SAE 52100 + 1.9 %
Al can be measured in comparison to SAE 52100 + 1.0 % Si although the content of retained
austenite is similar. After an austempering time of 5 h the content of retained austenite decreases
for SAE 52100+ 1.0%Si to 17% as well as the hardening-exponentcyr |e; decreases.

52



However, |eg| is still higher for SAE 52100 + 1.0 % Si than for SAE 52100 + 1.9 % Al, although
the content of retained austenite SAE 52100+ 1.0 % Si is only half of that of SAE 52100
+1.9 % Al. This can be explained by the reduced mechanical stability of Si-caused block-type
retained austenite in comparison to that of Al-caused film-type retained austenite also observed
in [6]. PHYBALcyr is capable to detect the differences in mechanical stability of retained
austenite.
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Figure 3. a) Influcence of austempering time on hardness, retained austenite y (IWT-Bremen),
hardening-exponentcyr ey, and plasticitycur air (note ayr is scaled 5 times)

b) Influcence of austempering time on hardening-exponentcyr ¢ and comparison of selected
contents of retained austenite (IWT-Bremen)

¢) Change of the ferromagnetic content AFe versus N of SAE 52100 + 1.9 % Al

As a result of the PHYBALcgr results shown in Figure 3 an austempering time of 5 h was used
for the fatigue specimens of SAE 52100 + 1.9 % Al to induce a maximum cyclic hardening due
to the TRIP-effect. Figure 3c) shows the phase transformation of SAE 52100 + 1.9 % Al as
change of the ferromagnetic content AFe measured at the surface in the middle of the gauge
length by a ferritescope versus N. Due to the Villari-effect, the start values of AFe increase with
higher o, The activation of the TRIP-effect for 760 MPa < o,< 1,000 MPa is shifted to a lower
number of cycles with increasing stress amplitudes. No TRIP-effect at the measured point on the
surface is indicated at o,= 580 MPa. Figure 4a) shows cyclic deformation curves based on the
change in temperature A7T. The stress amplitudes between 760 MPa < ¢, < 1,000 MPa show the
same qualitative development: Until a thermal balance between the specimen’s gauge length and
the thermostatically controlled clamping is reached a maximum A7, value is reached due to
thermal conduction processes. Subsequently a continuous cyclic hardening can be observed by
decreasing AT-values until a minimum value A7, 1s reached right before failure. The difference
ATy = AT o - AT iy can be calculated as exemplarily shown in Figure 4a) to quantify the amount
of cyclic hardening. No significant cyclic hardening can be observed for the run-outs and, in
addition, AFe (Figure 3¢)) does not indicate any phase transformation. This is a very desirable
behavior for a damage tolerant SAE 52100-TRIP-steel: It can be concluded that the TRIP-effect
will not be activated in a component loaded in the range below the fatigue limit. This is very
important because of the required high dimension stability for components e.g. bearings.
However, when the local stress is higher around an imperfection, the TRIP-effect is induced only
locally. In this case the TRIP-effect can reinforce the matrix locally and induce compressive
residual stresses to prevent crack initiation or to stop cracks.

Cross-sections of the gauge length just beneath the fracture surface of the specimens loaded at
oz= 1,000 MPa, 920, and 800 MPa were prepared and tested with PHYBALcyr. Figure 4b)
shows the results in comparison to a cross-section in the origin state (o, = 0 MPa). The hardness
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increases with increasing stress amplitudes o, while the hardening-exponentcyr |ey] decreases.
Consequently, the cyclic hardening A7 shown in Figure 4a) reduces the hardening capability
quantified by PHYBALcgt. The reduction of the hardening-exponentcyr -e; due to fatigue is
quantified by Aey (o) = |ey (0 MPa)| - |ey (on)|. Figure 4¢) shows the correlation of cyclic
hardening ATy and the reduction of hardening-exponentcyr Aey after cyclic loading.
PHYBAL gt detects the reduction of the hardening capability very accurately.
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Figure 4. SAE 52100 + 1.9 % Al

a) Cyclic deformation curves based on the change in temperature A7 versus N

b) Influence of the stress amplitudes o, on hardness and hardening-exponentcyr -¢jrafter cyclic
loading

¢) Correlation of cyclic hardening A7y and the reduction of hardening-exponentcyr Aeyr after
cyclic loading at different stress amplitudes o,

Figure 5a) shows several properties of the fatigue specimens in the origin state: The content of
retained austenite of SAE 52100-1 is significantly higher than that of SAE 52100-I1. This
indicates different temperatures in the effective heat-treatments compared to the nominal
temperatures. The content of retained austenite of SAE 52100 + 1.9 % Al is significantly higher
than that of both SAE 52100 batches. The hardening-exponentcyr -eyr specifies this difference as
it increases in the same manner as the content of retained austenite. The hardness also indicates
differences, although it cannot be attributed solely to the content of retained austenite, since
SAE 52100-1 has the highest hardness. Regarding hardness and the electrical resistance in the
origin state Ry it can be concluded, that there are more microstructural differences between
SAE 52100-1 and SAE 52100-11 than only the content of retained austenite. These differences
result in different Woehler curves shown in Figure 5b). The Woehler curves calculated by
PHYBALyr reflect the differences in hardness. The failure was always caused due to
nonmetallic inclusions. Figure 5b) reveals the chemical composition, the size as area’> according
to [2] and the position of the inclusion. The area’>-values vary for SAE 52100 + 1.9 % Al even a
bit more than for the SAE 52100 batches: Largest inclusions are aluminum oxides of 25 pm in
SAE 52100-11, 35.2 um in SAE 52100-I and 45.5 um in SAE 52100 + 1.9 % Al. The smallest
inclusions are nitrides of 5.2 uym in SAE 52100-1, 5.2 pm in SAE 52100-I and 7.9 um in
SAE 52100 + 1.9 % Al. In contrast to this, the scatter of the experimental results is significantly
lower for SAE 52100 + 1.9 % Al, than that of SAE 52100-1 and SAE 52100-I1. SAE 52100-II
shows a scatter of about one decade Ny to the Woehler curve between the Al,O; at
o, = 1,000 MPa and the TiN at o, = 880 MPa. However, the scatter of SAE 52100 + 1.9 % Al is
much lower, regarding the difference between Nrand the calculated Woehler curve of the AIN at
oz = 920 MPa and the Al,Os at o, = 760 MPa.
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In other words: The size and the type of inclusion have a minor effect on fatigue life in
SAE 52100 + 1.9 % Al, than for SAE 52100. This confirms the increased damage tolerance of
the TRIP-alloyed SAE 52100 + 1.9 % Al. Furthermore, one specimen of SAE 52100 + 1.9 % Al
reached the ultimate number of cycles of 12 - 10° at &, = 500 MPa, 580 MPa, and 600 MPa,
marked as a), b), and ¢) in Figure 5b). It was cycled in part d) with o, = 620 MPa to reveal the
largest inclusion inside the gauge length. Besides, a pre-damage caused in the parts a)-c) can be
presumed, as it failed already at 1.7 - 10° cycles. However it is very remarkable, that the 58.3 um
large Al,O3- and SiO,- inclusions did not lead to fracture in the parts b) and ¢), which shows a
good accordance to the Woehler curve with a small scatter band. Furthermore, it is an impressive
proof of the damage tolerance of the moditied SAE 52100 + 1.9 % Al.

a

b)1200

6500 0.35 s,

' W A *e... Oxide 8.2 35.2 = area’® in pm

< s LN T N S A,0,353

c $ 1 2 1000 |- A Al

56000 [ { 402568 ! L A0, 250" NN 78" TiN52

T S g goeoor NN T -

2 qo2: = .

2 b = -+ ] S o

5500 | do1s¥ w 0 AN e s

< ;t':; 700 - |SAE 52100 calc. exp.

c - 010 ¢ [ |Batch) --= A d .

2 g 600 - |Batch Il eeeeee ) MALO,. S0, 58.3 )

g J o0 Tienm — u T Lo

=5000 o - - soof 112 b 1 1 o

gl AC 2C iy " M L L " N
XA k= ® 10* 10° 10°
SAE52100 N, —e

Figure 5. a) Comparison of SAE 52100 +1.9 % Al versus SAE 52100-1 and SAE 52100-I1
concerning hardness, hardening-exponentcyr -ey, retained austenite y (IWT-Bremen), and
electrical resistance Ryof the unloaded fatigue specimens

b) Woehler curves of SAE 52100 + 1.9 % Al, SAE 52100-I and SAE 52100-II with the size and
composition of nonmetallic inclusions, which caused failure

Conclusions

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

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

Introduction

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

However, measuring those properties is accompanied by many experimental challenges because

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

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

The Gleeble® 3800 system

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

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

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

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

Side view Exploded view

Graphite foil
. Fiberfrax® lining
6o — ,
—L Carbon sample
Titanium  — I-";\'\ Copper disks
anvil Seul ]
Steel Shield T, .G“

Figure 2: Components and assembly view.

s

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

Second, a shield with 56mm inner diameter was machined out of a steel tube to protect the
surrounding equipment from the radiated heat and from red hot flying fragments resulting from
eventual sample failure. The shield was slotted to accommodate both of the B-1 class axial (gage
length 25mm, +12.5/-5mm) and B-2 class radial (gage length 50mm, +6mm) extensometers as
well as three thermocouples. Tt is lined with a disposable 3mm thick Fiberfrax® fired ceramic
paper which serves as thermal and electrical insulator while also damping the specimen failure’s
shock to both extensometers without confining the sample.

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

e

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

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

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

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

After the instruments are connected, a pretest is carried out at room temperature with a stress
level at around half the yield point. This test is an adaptation of the procedure for compression
test of concrete to stabilize setup and insure all instruments behave properly [6]. Once anomalies
are corrected, the vacuum chamber is closed and filled with argon. Two kinds of tests were
carried out: one using a single sample to repeatedly measure the elastic properties at 25, 400,
500, 600, 700, 800 and 950°C with pretest load condition and the other to conduct the
measurement trough failure for a temperature of 25, 600, 700, 800, 950°C. For both tests, the
sample is heated at a rate of 15°C/min to the target temperature. After one minute holding time,
the sample is compressed at 1mm/min until half yield stress or failure. After the test, the sample
is removed after cooling below burning temperature (~200°C). Subsequent inspections on the
copper disks are made to verify their integrity and are replaced if noticeable damage is observed.

Results and discussion

Calibration tests

For the first calibration, the AA6061 aluminum alloy was chosen owing to its availability and
well known properties. If tested successfully, its high stiffness compared to carbon (~10x) would
ensure good measure of mechanical properties on carbon material. The testing conditions were
kept as close as possible to the carbon experiment with a sample of 100mm length by 50mm
diameter tested at a rate of Imm/min up to 50MPa. However, the aluminum sample large
diameter and low electrical resistivity doesn’t allow any heating since it would quickly overheat
the titanium anvil’s base which has a smaller diameter and higher resistivity. Therefore, the tests
were done only at room temperature. The obtained results are summarized in Table 1.

Table I: Measured E and v for AA6061 vs. literature (E = 69.7 GPa and v = 0.33) [7].

Test number E (GPa) Error (%) v Error (%)
1 653 -5.7 0.263 -20.2
2 69.1 -0.9 0.307 -7.0
3 68.5 -1.7 0.307 -7.1
4 75.1 7.7 0.309 -6.4
5 75.0 7.6 0.318 -3.7
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The first test illustrates well why a pretest is needed after installation [6]. The anomalies of test
one were corrected by reinstalling both extensometers followed by a second and third tests which
were more stable. A reinstallation of the extensometers was done before test 4 and 5 with no
anomalies detected in the curves. The measured and literature values are in good agreement with
an average deviation of E and v below 10%, which is more than needed for our purpose. To
illustrate the measurement stability on an anodic carbon sample, a number of tests were made
using the same sample with a reinstallation of instruments before each test. Figure 4 shows a
representative stress-strain curve including radial and axial strain components for a room
temperature test while Table II shows the compiled data.

0 gy GE4 Table II: Elastic properties measure
==Stress - Axial Strain ffh’" of an anode sample.
= —Stress - Radial Strain | _gf e Testno.  E (GPa) v
: E 1 6.30 0.110
g 164 E 2 6.67 0.121
2 . = 3 6.04 0.111
g7 s 4 676 0.119
= bl 5 6.46 0.117
&0 4 —
2 6 6.12 0.115
25 - 7 6.14 0.108
8 5.96 0.113
30 040 Mean 6.31 0.114
SE3  -4E3 363 263 163 OE+0 Std 0.30 0.004

Axial Strain (mm/mm)

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

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

For the second calibration test, the thermal profile was measured in the middle hot zone of a
carbon sample with three thermocouples placed at -15, 0, +15mm from the mid-length of the
sample. The data was used to calculate the second order term, A, describing a parabolic
temperature profile center on the sample mid length. It was then use to determine the total
temperature gradient and the average temperature in between the axial extensometer legs which
need to be as low and close as possible to the target temperature to assure that the studied sample
behave like one at isotherm. The resulting values are listed in Table II1.

Table III: Thermal gradient at different test temperatures.

Temperature AT at +/-15mm Temperature AT for a 25mm Average temp.
°C) (°C) profile term A gage length (°C) over 25mm (°C)
400 -5 -0.022 -3 399
500 -8 -0.034 -5 498
600 -10 -0.046 -7 598
700 -12 -0.054 -8 697
800 -13 -0.052 -8 797
950 -15 -0.068 -11 946
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In the worst case at 950°C, the sample experiences a thermal gradient around -11°C with an
average temperature of 946°C for a fourth of its total length which is excellent. This good
performance is most probably due to the appropriate insulation provided by the steel shield and
ceramic liner. Considering the material high thermo-physical stability and absence of transition
temperature, testing in these conditions is fully satisfactory and should yield good results.

Single sample used at multiple temperatures

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

10 — 0,20 —
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=9 | O Test #2 O Test #2|
o Test #3 015 |ATest #3]
5 2 !
R 8 % n]
3 o o o o = b (=]
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‘:‘o (o] e 6 @ o 0 &
5 0,05
26
5 0,00
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Temperature {°C) Temperature {°C)
Figure 5: Young’s modulus at various Figure 6: Poisson’s ratio at various
temperatures. temperatures

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

Trough failure high temperature tests

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

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

Thermal dilatation tests

Last but not least, the CTE can also be extracted during the heating phase of a test. The
dilatometry curve shown on Figure 9 was obtained using the axial extensometer data taken from
failure tests at 950°C. It shows a linear expansion giving a CTE of about 5.19 x10°/K. This
value is slightly above published data of around 4.5 x10°/K [9] for similar anodic carbon. A
small deviation from that trend is detected at temperature below 200°C which can be explained
by instability in the heating current at that stage. A higher preload could solve this issue.

a=5,19 x10°/K
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Figure 9: Dilatometry curve of an anode sample.
Conclusion
This paper presents a very interesting approach to obtain some of the thermo-mechanical

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

A general challenge in metallic components is the need for materials research to improve the
service lifetime of the structural tanks or tubes subjected to harsh environments or the storage
medium for the products. One major problem is the formation of lightest chemical elements
bubbles or different chemical association, which can have a significant impact on the mechanical
properties and structural stability of materials. The high migration mobility of these light chemical
elements in solids presents a challenge for experimental characterization. Here, we present work
relating to an original non-destructive, with high spatial resolution, tomographic technique based
on Scanning Microwave Microscopy (SMM), which is used to visualize in-depth chemical
composition of solid solution of a light chemical element in a metal. The experiments showed the
capacity of SMM to detect volume. Measurements realized at different frequencies give access to

a tomographic study of the sample.

Introduction

The migration of light chemical elements in the metallic materials plays a key role in many
phenomena like thermal oxidation. A wide range of technological applications is related to this
topic: ditfusion doping, fuel cells, surface treatment, and ultrapurification of gases, sintering or
corrosion protection. The presence of some chemical diffusing species can strongly modify the
mechanical properties of materials and can be a threat for the metal parts integrity. Measuring their
spatial distribution is useful for understanding the mechanisms governing their diffusion, to
identity the diffusion law by determining the parameters which govern it. The accurate
measurement of light elements is not easy and often requires a heavy-duty experimental
installation (nuclear microanalysis). Moreover, most of these techniques relies on surface

measurements, induced by the interactions of an electron beam with the material and are thus
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limited to few nanometers under the surface. So, the precise measurement of the concentration of
light elements is impossible especially for very volatile species or when the surface contamination
occurring during sample preparation cannot be avoided. The best examples are respectively the
hydrogen in metals or the oxygen in reactive materials. Generally, the measurement corresponds
to an average of the information obtained on a small volume (1um® for EDS) including the
contaminated surface, a fact that can present a substantial downside.
In this article we present an original tomography method based on the Scanning Microwave
Microscopy (SMM). To illustrate this original approach, we will first study the case of a calibrated
sample composed of buried material. Then, we will focus on the complex case of the solid solution
of oxygen in zirconium.
Study of a calibrated sample

Scanning Microwave Microscopy

The Scanning Microwave Microscope (SMM) consists of an Atomic Force Microscope
(AFM 5600LS, Agilent Technology) interfaced with a Vector Network Analyzer (VNA N5230A,
Agilent Techmnology). A microwave signal is sent directly from the network analyzer and
transmitted through a resonant circuit to a conductive AFM probe that is in contact with the sample
being scanned. A half wavelength impedance transformer is placed directly across a 50 Q load to
form a matched resonance circuit. The cantilever and the probe play here the role of a local radiant
antenna for emission and reception of the electromagnetic field. By analogy with optics, the probe
also serves as a receiver to capture the reflected microwave signal from the contact point.
The reflected microwave signal is specific to the probe-sample interaction. A reflection coefticient
(a complex number with magnitude and phase), which is the ratio between the incident and the
reflected signals, gives an account of this interaction at the contact point. The magnitude and the
phase of the ratio between the incident and the reflected signals are recorded simultaneously with
the surface topography. The SMM typically operates at microwave frequencies of 300 MHz - 13
GHz.
The most important parameter lies in the choice of the conductive probe. The tips used are
traditional AFM tips of silicon nitride SizNa (height: 3pm) of pyramidal form, associated with
triangular levers (having a constant of stiffness ranging between 0.1 and 4 N.m™), covered with a

conductive layer of Pt/Ir mixture (100 nm thick).
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To characterize a sample in its thickness, it is necessary to use several frequencies. From
the electromagnetic wave propagation properties in the metallic materials, it is possible to estimate
the investigation depth by application of the “skin effect”.

Indeed, this physical phenomenon shows that the electromagnetic wave of high frequency has a
weaker power of penetration in a metal sample than that of low frequency:

s=— L

NT o0 f

with & the skin thickness, o the magnetic permeability of vacuum (47.107), u. the permeability

relating to the conductor, o the electric conductivity (in S.m™), f'the frequency (in Hz).
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Figure 1. Penetration depth of electromagnetic wave in a copper cylinder according to the
frequency.

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

calibrated sample was carried out by Electron Beam Lithography (EBL) by using a Scanning
Electron Microscope (SEM) coupled to a device of lithography management RAITH.

The sample consists of L-shaped patterns of 30 nm depth were filled with aluminum (Al) film of
20 nm thickness. Then, a nickel (Ni) layer of 95 nm thickness was evaporated in order to cover
these structures. Thus, we obtained buried structures of Al under a calibrated layer of Ni (figure
2(a)). AFM observations at this final step show the surface of patterns (with a height difference of
10 nm at the sample surface). On the topography (figure 2(b)), the outline of the patterns appears
with a more important contrast.

Nevertheless, to show that the surface is only composed of nickel, an image of friction (scan at
90° compared to the classic direction) was carried out on this sample. Indeed, the phenomenon of
friction allows the observation of differences of materials on a surface. On figure 2(c), it appears
clearly that the substrate and the patterns are of the same composition since the color contrast is

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

This sample requires the use of a large range of frequency in order to obtain a complete cartography
on a representative thickness of the sample. For that, it is necessary to estimate the depths invested
compared to the frequencies used. Knowing the magnetic permeability and the electric
conductivity of nickel (material constituting the superior layer of the sample) and by applying the
“skin effect” (see equation (1)), the values of depths corresponding to the various frequencies were

calculated (figure 3).

The microwave images of phase obtained at various frequencies (f) are presented in
Figure3. For f = 4.485 GHz (¢ =80 nm), the SMM image of phase doesn’t show any difference in
color contrast at this depth. We are in the presence of a single and homogeneous material (nickel).
For £ =3.852 GHz (@ =90 nm), the scanned plane is located just at the top of Al patterns, in the
bottom of the layer of nickel. The SMM image of phase shows a light contrast of color between
the Ni substrate and the proximity of the Al patterns, thus revealing different materials. Another
significant observation relates to the outline of the patterns, which appears with a contrast of color
much more distinguishable. This observation highlights a difference in materials nature since they
are composed of residual PMMA resin whose physical properties are completely different from
those of Ni and Al. For £ =1.878 GHz (6= 120 nm), the scanned plane is located inside the Al
patterns. The SMM phase image clearly shows a difference in nature between the interior of the
patterns (Al) and the Si substrate, being a semiconductor and having a weaker electric conductivity
than that of metals. Its differences of properties are found on the SMM image on the level of the
color contrast. For £ =1.831 GHz corresponding to an investigation depth of 125 nm, the scanned
plane is located just below Al patterns, in the Si substrate. On the SMM phase image, there is no
difference in contrast between the interior of the patterns and the Si substrate. This means that the

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

representative thickness of the sample.

|
] : r .

Figure 3. SMM images (phase) of buried Al under a calibrated Ni layer at different frequencies.
Scan size: 10 um?. Phase scale: 0.1 deg.

(a) SMM image of phase at 4.485 GHz. (b) SMM image of phase at 3.852 GHz. (¢) SMM image
of phase at 2.103 GHz. (d) SMM image of phase at 1.878 GHz. (¢) SMM image of phase at 1.831
GHz.

Characterization of oxygen diffusion in zirconium

Here, we are going to focus on the case of the diffusion of a light chemical element
(oxygen) in a metal lattice (zirconium). We propose in this paragraph a novel method for in-depth
investigation of material properties that is not influenced by the surface pollution.

Zirconium surface is very reactive under normal conditions and undergoes oxidation. This leads
to the formation of a contamination layer, which may go up to several nanometers. A conventional
technique to characterize the diffusion profile of an element inside a metal (with its percentage)
by going under the polluted surface is Nuclear Reaction Analysis (NRA).

However the NRA technique presents limitation in the resolution. In fact the NRA results are
obtained with a lateral resolution imposed by accelerator beam size (about 3 x 3 um? and a depth
of 3 um) for a step scan size of 2 um between each measure point. Also this measurement
represents an average value. In this part, we are going to compare the results obtained by SMM
and by NRA. By SMM, the lateral resolution is superior, since between two measure points, the
step scan size is 100 nm for a 20 nm contact radius.

Experimental procedure

The oxidation of commercial pure zirconium plates (99.2% Zr from Goodfellow) is
considered in this study. This choice of this material is driven by the significant solubility of
oxygen in the zirconium, which is about 29 atomic percent. They were first annealed at 750 °C

under a secondary vacuum for 2 hours and oxidized in air under atmospheric pressure at 650°C
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for 72 hours. After oxidation, the samples were transversely polished, and analyzed by SMM.
These results are next compared to those obtained by Nuclear Reaction Analysis (NRA).

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

The frequencies of investigation used are chosen to scan a region under the polluted sub-surface
between 3 and 7 um. Thus we avoid the influence of the polluted surface. We focus in this study
mainly on the oxygen-enriched metal zone.

The Nuclear Reaction Analysis was made at the Institut Rayonnement Mati¢re de Saclay, France,
and used a Van De Graaff linear accelerator (maximum 3.7 MeV).

Results

SMM measurements were performed for three different frequencies (2.21 GHz, 6.87 GHz and
11.83 GHz) that represent three investigation depths (6.8 um, 3.9 um and 3 pm) calculated from
the relationship of skin effect given by Eq.1. A schematic representation of the sample studied is
given in Fig.4a The topographical image of the sample shows well the transition zone between
71O, and the other part of the sample without any distinction of the Zr-O and Zr presence.
Moreover, one can observe on the cross-section related to this topographical image a more

important roughness on the ZrO2 area (this additional roughness is due to polishing).

f,= 11.83 GHz
f;= 6,87 GHz
fi= 2.21 GHz
- 0.25

0.22%

Decreasing oxygen concentration

a

- 0.12%5

Ir pure agea

a7l

Figure 4. Schematic and AFM images (topography and phase) of the oxygen enriched Zir.

(a) Schematic of the analyzed sample (b) AFM topography image of the analyzed area. Scan size:
80 pum?. (¢) SMM image of phase at 6.87 GHz. Scan size: 80 um?. (d) AFM topography image of
pure Zr. Scan size: 80 um?. (¢) SMM image of phase at 6.87 GHz of pure Zr area. Scan size: 80
um?.
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The SMM phase images can be seen in Fig. b) ¢) d). The phase shift images (completely different
from the topographical images) clearly show a change in the phase signal. This variation, for the
material used here is introduced solely by a conductivity variation of the material since the relative
permeability of Zr is equal to 1. Only the oxygen dissolution in the zirconium lattice produces
variations of the conductivity.

Along the pure Zr area, one can notice that the phase shift signal remains flat and constant. So the
phase variation observed previously can only come from the diffusion of oxygen inside the metal
lattice of Zr.

In support to these results we compared them to the measurements obtained by NRA. The cross-
sections of the phase SMM images realized at three different frequencies are superimposed on the
NRA result (Fig.5).

One can see that the curves are in excellent agreement with the NRA profile, both in tendency and
in the diffusion length (about 18 um). Moreover, one can highlight a linear relationship between
the phase shift measured by SMM and the percentage of oxygen diftused in Zr measured by NRA.

This relationship can be expressed as following:
p=K@c @

With ¢ the phase shift, ¢ the oxygen concentration and K(¢) the proportionality factor which can
be function of the concentration.

Furthermore, by referring with a white dashed line the border between ZrO; and Zr-O, one can
observe an evolution of the border’s position depending on the frequency (and thus of the depth).
(Fig.5).This highlights the inhomogeneous nature of the boundary in the volume can only be

achieved only by this tomographic SMM measurement.

71



0.6

® 051
5 04 <
< ~
g oa .
?4—‘ 0.2 ~ i
0.1 "
" T T T T “
59- Ak 05 04 03 02 O 059 T
{ |I' SMM Phase shift )
"'._11 %
- i —. F=221GHz - § =68pm 0.44 “
% at i 8
\ - F=G87GH: - §=39 o
29 — i'.-l«IF 1 @ pm 029 ©
1 S
) 8
} *.'-‘ - F=1183GHr § =3.0pum K

Distance (pum)

Figure 5. Superimposition of the cross-section obtained from SMM measurement at different
frequencies — Comparison with NRA results.

Conclusion

As a conclusion, SMM technique allows the detection of sub-surface defects with high resolution.
By varying the frequency one can have access to different depth in the sample volume and to know
the depth position where the defect is buried. SMM also permits the characterization of a chemical
specie gradient dissolved in a metal lattice (here presented with the diffusion of oxygen in
zirconium). With this technique one can have access to volume information under the pollution
layer without any sample preparation. The cartography of the oxygen distribution inside the
zirconium has been realized at different depths. These results have been compared to those
obtained by NRA and show an excellent concordance of the length of diffusion measured.
Moreover, we notice a linear relationship between the phase shift measured by SMM and the

oxygen concentration determined by NRA.
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Abstract

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

Introduction

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

Scientific work on single-phase materials

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

Two different types of pore initiation can be generally differentiated for dual-phase, ferritic-
martensitic steels; such as the DP600. On the one hand, fracture of the martensitic needles occur
which leads in turn to internal pore initiation in these hard phase fractions. This case is
comparable to the fracture of inclusions in a single-phase material (see above).

On the other hand, decohesion at the phase boundaries can occur between the ferrite and
martensite [11]. In a detailed study, it was also possible for Kadkhodapour to verify the latter
case for the dual-phase steel DP600 [12, 13]: Pore formation at the grain boundaries between
adjacent ferrite grains together with subsequent potential growth to a ferrite-martensite grain
boundary, pore formation in direct proximity to martensite particles, pore formation due to
decohesion at a ferrite-martensite phase boundary and, as Tasan also found, rare cases of pore
formation due to broken martensite particles.

Mechanism of void initiation

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

Experiments and Analytical Methods

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

Table 1. Constituent elements in weight percent [wt%] of the steel DC0O4 and DP600

Element/

C Mn Cu Ni Cr Mo Al Ti A\ S Si Fe
Steel

DCo4 0.015 0.192 0.06 0.047 0.02 0.003 0.037 0.026 0.024 0.005 0.003 bal.

0.02-
DP600 0.10 1.4 - <10 <10 <10 0.06 - - 0.008 0.15 bal.

Specimen preparation

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

Microscopy

The microscopic examination was performed with an in-lens detector in a scanning electron
microscope (SEM) - Zeiss Supra VP55. This type of detector retrieves a high density of
information from secondary electrons emitted from the layer adjacent to the surface. By means
of this, a high resolution is obtained in the scanning electron microscope for a relatively low
voltage and thus a reduced penetration depth. In this way, pores can be imaged very well since
their boundary generally appears brighter due to the edge effect. An undesirable effect is that
contaminations are also more intensely imaged by the in-lens detector. This effect can impede
the analysis and, as the case may be, make it necessary to specially clean the specimen.

The dislocation’s microstructural development due to loading is investigated in this work with
the help of TEM. For this purpose, TEM foils in the form of flat disks with a diameter of 3 mm
and a thickness of approximately 500 um were cut from the center of the deformed samples'
deformation zone by wire eroding. These disks' thicknesses were mechanically reduced to
100 um and electropolished on both sides. All TEM investigations were conducted using a
JEOL JEM 2010 transmission electron microscope with a 200 kV electron gun.

Results and Discussion

In the following, the results of the SEM and TEM investigations of the DC04 and DP600
specimens are presented. Using the SEM images, pores are revealed and attributed to
characteristic locations in the microstructure.

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

77



Figure 1. SEM images of defects in deformed steel DC04 and DP600

a) voids in steel DC04

b) void and microcrack formation in steel DCO4 at the crossings of shear bands
¢) void at microcrack in steel DP600,

d) void formation in steel DP600 around and within a fractured MnS precipitate

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

Figure 2. Fracture surfaces of tensile test specimens elongated until failure of

a) steel DC04, breaking elongation 44.7 %, accumulation of pores at the grain boundaries, and

b) steel DP600, breaking elongation 26.2 %, additional accumulation of smaller pores in the
grain
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The fracture surface of DC04 (Fig. 2a) depicts a crystalline inclusion whose size is approx.
2-3 um. The matrix material yields a honeycomb structured fractograph in which pores are
located particularly at the boundary surface to the precipitation. The fracture surface of DP600
shows more, finely distributed pores within the grains (Fig. 2b).

Rough calculation of the energy contribution by stress concentrators

In order to be able to represent the contribution from the lattice defects to changes in the pore
volume, the energy can be estimated which is theoretically available in the microstructure for
pore formation. The boundary surfaces considered here are the grain and phase boundaries as
well as the interfaces between precipitates and the matrix. For this purpose, two limiting cases
can be differentiated:

In the first case, the boundary surfaces are assumed to be stress-free and have no intrinsic energy.
In this case, the boundary surface energy results from the dislocations piled-up at the boundary
surface. By assuming that about every thousandth atom belongs to a boundary surface, results in
a total microstructural boundary surface of approx. 10° cm/em™ (corresponding to one em® of
material volume). On assuming a surface energy density for the boundary surface of 107 J/em?,
the total boundary surface energy amounts to 10 J/em®. This energy corresponds, to the total
energy of the dislocations in the crystal, which can be estimated as having a dislocation density
in the order of 10'" cm/em’® [16].

For the second limiting case, we assume that the grain boundaries represent the total energy or
source of stress in the microstructure. The number of dislocations which form the boundary
surface is considerably smaller than the total number of dislocations. It follows from this that the
dislocations at the boundary surfaces only possess a smaller fraction of energy than those
dislocations which lie in the grain's interior. Thus for this case, the dislocations which are free
and randomly arranged in the crystal convey a considerably larger fraction of energy via lattice
defects than those at the boundary surfaces. As a consequence of this, an elevated number of
pores would accumulate in the grain's interior. Here, the fracture of brittle precipitates in the
microstructure can not be taken into consideration. This theory forms the physical basis for
modeling pore initiation during plastic deformation.

The investigations on single-phase DC04 and dual-phase DP600 have shown that voids occur
both at boundary surfaces and in the grain's interior. Therefor none of these two assumptions can
be clearly veritied. In further investigations it has to be analyzed if accumulations of stress
induced misorientations and structure compressions can be shown at different characteristic
places in the microstructure around voids.

The occurrence of stress concentrations can be qualitatively verified by using extinction contours
in TEM images, as depicted in Fig. 3. The Fig. 3a shows various extinction contours but one
goes clearly along precipitations in the ferritic matrix. In Fig. 3b a martensite needle in the
DP600 is shown, around whose tip dark lines stand out from the ferritic matrix. These lines
become closer at the martensite needle's tip and thus provide verification of a zone in which the
crystal lattice has been distorted due to elevated stresses.
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Figure 3. TEM images of steel
a) DCO04 with extinction contours along precipitations and
b) DP600 with a concentration of extinction contours around tip of a martensitic needle

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

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

Conclusions

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

In order to make a complete understanding of steel plant metallurgical dusts and to realize the
goal of zero-waste, a study of their properties was undertaken. For these purposes, samples of
two sintering dusts (SD), two blast furnace dusts (BFD), and one electric arc furnace dust (EAFD)
taken from the regular production process were subjected to a series of tests. The tests were
carried out by using granulometry analysis, chemical analysis, X-ray diffraction (XRD),
scanning electron microscopy (SEM), energy dispersive spectroscopy via SEM (EDS), and
Fourier transform infrared spectroscopy (FTIR). The dominant elements having an advantage of
reuse are Fe, K, Cl, Zn, C. The dominant mineralogical phases identified in sintering dust are
KCl, Fey,Os, CaCOs, CaMg(COs5),, NaCl, SiO,. Mineralogical phases exist in blast furnace dust
are Fe,Os, Fe;O,, with small amount of KCI and kaolinite coexist. While in electric arc furnace
dust, Fe;0,, ZnFe,O,, CaCO;, CaO, Ca(OH), are detected.

Introduction

Since 2008, with procurement costs of raw materials and fuels continued to rise, steel plant
production yearly overcapacity and the Chinese government’s strict requirements in energy
conservation and emission reduction, Chinese steel industry profit margins become smallest
among the industry. Key steel enterprises profit margin was only 0.62% in 2013.

China’s crude steel production in 2013 was 779 million metric tons, which accounted for about
73.6% of Asia steel production and 49.2% of the world steel production. So much steel
production also brought a lot of metallurgical dust, such as, sintering dust, blast furnace dust,
electric arc furnace dust and so on. Since 1980 the United States enacted laws placing the steel
plant metallurgical dust under toxic waste, study of metallurgical dust abroad was earlier than
China approximately 30 years. In order to save the cost, metallurgical dust has gradually become
a major research focus in recent years.

Statistics shows that every one ton of sinter production will generate 20 to 40 kg of sintering
dusts; every one ton of hot metal will produce 15 to 50 kg of blast furnace dusts; and every one
ton of liquid steel will produce 10 to 20 kg of EAF dusts. [1] The output of metallurgical dust is
huge as the steel production is enormous in China every year. Generally speaking, metallurgical
dust has complex chemical component, very fine particles, and high content of valuable or
harmful elements. How to handle the metallurgical dust and recover the valuable metals from
them are very important at the present period not only for the resource and economy but also for
the environment. To make full use of them, it is necessary to develop a new recycling process,
which requires full understanding of basic mineralogy characteristics of these dusts.

This paper presents characterization results on dust samples collected from steelmaking process.
These results can help future studies on their use as secondary materials in steelmaking process.
The dusts contain two kinds of sintering dusts, two kinds of blast furnace dusts and one electric
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arc furnace dust.
Experimental

To investigate the basic mineralogy characteristics of zinc-bearing dusts in steel industry, five
kinds of dusts were sampled from three steel companies, including three from Bao Steel, one
from Shougang Group and one from Guofeng Steel. They are sintering dust, blast furnace dust
and carbon steel electric arc furnace dust from Bao Steel, blast furnace dust from Shougang
Group and sintering dust from Guofeng Steel.

The samples were homogenized and successive quartering provided 1kg of each sample. All
samples were dried for 8 h at 378 K and stored in a desiccator.

The dust granulometry distribution and the mean size of its particles were evaluated. A laser
granulometer model SEISHIN LMS-30 from Japan was used, with anhydrous ethanol as
dispersing medium. On one hand, the mineral elements of the dusts were detected using an X-ray
fluorescence spectrometer (XRF-1800, Shimadzu, Japan). On the other hand, Total C in dust
samples was determined by the Carbon and sulfur analyzer (EMIA-820V, Horiba, Japan). The
blast furnace dusts sample was mixed with certain quantity of analytical grade silica reagents to
meet detection limit of carbon content of the machine (max. 6%). The main compounds and
present phases of the dusts were performed by X-ray diffraction analysis (Dya-RB 12kW,
Rigaku, Japan). X-ray patterns of samples powdered to 300 meshes operating with Cu tube,
continuous scanning, working at 40 kV and 150 mA, with scanning among 26 (between 10° and
90°). Scanning electron microscopy (SEM) with X-ray energy dispersive spectrometry (EDS)
was conducted to gain further knowledge of the dust particles structure, morphology and their
chemical composition. FTIR spectra were collected on an Infrared spectroscopy (NEXUS 670-
FTIR, Nicolet, America), on KBr pellets, between 4000 and 400 em ! with a 4 em ! resolution
and 32 scans.

Results and discussion

Granulometry Analysis

Figure 1 presents the particle size distributions of the five dusts. Particle size and granulometry
specific surface area characteristics are also listed in Table 1. X10, X50, X90 refers to the
corresponding size when cumulative particle size distribution reaches 10%, 50% and 90%,
respectively.

Sintering dusts have an average particle size between 12.550 and 13.774 micron, and the particle
size are all less than 200 mesh. The particle size distribution curve of blast furnace dusts are in
most right position. Furthermore, blast furnace dust from Baosteel is significantly coarser than
the one from Shougang, probably due to different operating processes or dust removal devices.
The mean particle diameter of EAFD determined by laser granulometer is 1.469 micron, which is
in agreement with previous works. [2-3] In contrast, EAFD has a relatively heterogeneous
distribution of particle size, where 100% have size between 0.33 and 4.24 micron, with
granularity specific surface area up to 6.141 m*/em’.

Peng et al. pointed out that 50% volume of particles in sintering dusts is below 10 micron, and
the other half is between 10 and 54.64 micron. [4] N. Menad and H. Tayibi pointed out that the
dust particles generated from sinter plants are finer than blast furnace emissions. [5] It is
important to note that the effective filtering of microscopical sized particles and aerosols is a
major problem, for which no solution exists for a long time. Wang indicated that blast furnace
gravity and baghouse dusts have an average particle diameter of 159.23 micron and 26.23 micron,
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respectively. [6]

These lower granulometry of the dusts favours their use as secondary raw material in the
production of some materials, because it has the advantage of elimination of the grinding stage.
In terms of particle size, mechanical separation method is not suitable for processing EAFD.
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Figure 1. Particle size distribution of dust samples

Table 1. Particle size and specific surface area of dust samples

Average particle size Specific surface arca
Samples  X10(um)  X50(um)  X90(um) S (Em) P (o
SD-Guo 3.494 11.632 27.042 13.774 0.912
SD-Bao 1.900 9.566 27.830 12.550 1.547
BFD-Shou 1.912 16.057 67.206 26.373 1.427
BFD-Bao 4.277 38.259 116.586 51.015 0.567
EAFD 0.686 1.277 2.480 1.469 6.141

Chemical Analysis

The chemical composition of dusts depends on the dust species, technological and operating
conditions and the degree of return of the dust into the process. The results of the chemical
analysis of the dust samples are shown in Table II. As can be seen, the dusts contain 30 different
elements, and the common elements are Fe, O, Ca, Mg, Si, Al, K, Na, Zn, Pb, CI, S and C. In
general, the contents of potassium, sodium, lead, sulfur and chlorine in the particles from the
sintering process are higher than particles from other processes. The main components of the
EAF dust in the present study are 44.81% iron, 9.32% zinc and 9.24% calcium. Due to high
water solubility, potassium and sodium elements in sintering dust are suitable for extracting by
hydrometallurgical. While zinc in the electric arc furnace dust has an advantage to be recycled by
pyrometallurgical owe to its lower volatilization temperature. Carbon in blast furnace dusts is
about 20%, indicating that iron oxides can be directly reduced under high temperature. In
addition, Chen et al. found that electric arc furnace dust had 7.02 + 0.69 percent of chlorine
element. [7]

Most elements in the dusts exist in the form of oxides. In fact, basicity is an important parameter
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during iron oxide reduction, and it has an
effect on metallic iron whisker formation
and growth. [8] Ternary basicity represents
the mass ration of (w (CaO) + w (MgO)) / w
(S8i0;). It can be calculated that ternary
basicity of the five dusts in Table II from
lett to right is 2.45, 3.05, 0.80, 0.42 and 4.98,
respectively. Wang et al. concluded that the
favorable ternary basicity is 0.9 in pellets
containing dusts and carbon. [9]

Table II. The chemical composition of dust

€000

samples
Wt. %
Element SD-  SD- BFD- BFD-
Guo Bao Shou Bao EAFD
Fe 29.890 28.47 37.27 44.28 4481
O 2534 24.66 29.59 2693 28.95
Ca 7.82 6.50 2.07 2.09 9.24
Si 2.50 1.57 2.32 3.63 1.31
Al 1.33 0.92 1.34 2.10 0.14
Mg 1.30 0.70 0.66 0.27 0.62
Mn 0.24 0.13 - 0.08 2.23
K 8.50 9.52 0.73 0.06 0.79
Na 2.04 2.56 0.47 0.08 -
Zn 0.18 0.05 1.43 - 9.32
Pb 1.31 1.01 0.23 0.23 0.19
Cu 0.05 0.09 - - 0.05
Ti 0.09 - - 0.09 0.05
Cr 0.08 0.06 - 0.01 0.35
Ni 0.03 0.02 - - 0.02
Rb 0.06 - - - -
Ra 0.03 - - - -
Se - 0.03 - - -
Cs - 0.02 - - -
Tl - 0.02 - - -
Mo - - - - 0.02
Sn - - - - 0.02
A - - - - 0.01
S 1.09 2.45 0.68 0.38 0.35
0.05 0.04 0.03 0.13 0.13
Cl 13.44 1543 2.02 0.05 0.74
F - 0.39 - - -
Br 0.14 0.31 - - -
I 0.05 0.08 - - -
C 4.46 497 21.14 19.59 0.65
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Figure 2. X-ray diffraction (XRD) patterns
of dust samples



X-Ray Diffraction Analysis

Figure 2 shows the X-ray diffraction pattern of the dust samples. As it can be seen, ZnFe Oy,
Fe;04, CaCOs, CaO are present in the EAFD sample. The main phases in blast furnace dust are
Fe 05+ FesOy+ Si0O,, and a small amount of KCl is found to be existed in blast furnace dust
from Shougang. Sintering dust shows clear diffraction peak of KCI and Fe,Os;, and some
information about NaCl., CaCOs;. CaMg(COs), and SiO,. Peng et al. indicated that, the
possible mechanism of KCl formation is that the iron ore which contain potassium element
become into potassium silicate after going through reduction. oxidation reaction, and then
reacted with calcium chloride converting into KCI at last. [4] Chen et al. also found KCI, NaCl in
EAFD. [7]

Scanning Electron Microscopy and Micro-Analysis

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

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

Based on these microphotographs and the results of X-ray energy dispersive spectrometry (EDS),

it can be seen that the samples are not homogeneous. In Figure 3, the morphological aspect of the

samples is first shown. Sintering dusts appear to relatively loosely agglomerated, and some of

them are bright under SEM. Irregular shape is also reflected in blast furnace dusts, but their

particle size are large than sintering dusts, which could be clarified by Figure 1. BF dust from
Shougang has a maximum degree in reunited. Different from the others, most particles in EAFD
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are spherical. It is in agreement with the main generation mechanism, i.e., ejection of the slag
and metal particles by bubble-burst. [10-11] This morphology has also been observed in previous
works. [2] [12-13] Submicron particles are uniformly distributed in the range of vision, with
some of them covering the surface of the bigger balls.

For sintering dust, it can be concluded that the smooth, black particles are carbon. The gray black
massive particles are iron oxides. KCl largely distributed in gray fine and bright particles, which
contains calcium and iron oxides. Some lead compounds coexsit with KCI.

For blast furnace dust, the smooth, black particles are coke fines or pulverized coal. The
ingredient in white aggregates is a large proportion of iron oxides and some gangue. Spots 1,2, 3
in part (d) of Figure 3 indicate that some carbon particles emerge alone; some were partly
wrapped by iron oxides. In addition, spots 1, 2 in part (c) of Figure 3 instruct that some carbon
particles were almost entirely wrapped by iron oxides.

Table III. Summary of SEM image and spot analysis

SEM image Spot Major elements Minor elements Possible phases
1 Fe, O Ca, K, Cl Fe Oy
SD-Guo 2  Pb,CLK,O Fe, Ca KCl, PbCl,, Pb(OH)CI, CasFe,O,
3  Fe O Ca,CL K, Si CayFe,O,, KCI
4 Fe O,CLK Ca, S Ca,Fe,0,, KCI
1 Fe, O Al, Ca, Si, Mg Fe, Oy
2  Fe O,Ca S, Cl, Si, AL, K, Mg CaFe, O,
SD-Bao 3 ka1 - KCl
4 0O, Ca, Fe Mg, Al CaO, Fe, Oy, Cake,O,
1 C (0] C
BFD-Shou ¢ 5 Ca, Mg, Si, AL Zn, Cl Fe,0,. ZnO, Ca,(Mg, Al),SiO,
1 C 0O, Al C
2 Fe, O Ca, Si Fe Oy, CaFeySiO,
BFD-Bao 3  Fe O Al, Ca, Si Fe, Oy, CaxAlSiO,
4 Fe, O C Fe, Oy, C
5 Fe, O Ca Fe. Oy, CaFe,O,
1 Fe, O, Ca Zn, Na Fe Oy, ZnFe,04, CaO
EAFD 2 Fe, O, Ca 7n Fe Oy, ZnFe,04, CaO
3 Fe, O, Zn Ca Fe, Oy, ZnFe,0,, Cale,O,

For electric arc furnace dust, the smooth, spherical particles are mainly occupied by iron oxides.
With the increase of attachments at the surface of the ball, Ca and Zn content rise. The EDS
analysis of submicron particles shows that it contains ZnFe,Os. FesO4 and small amount of
CaFeZO4.

FTIR Spectra Analysis

The infrared spectra of all dusts can be seen in Figure 4. All spectra present a broad band, around
3425 cm ' due to the O-H stretch of hydrogen bonded water. O-H bend of hydrogen bonded
water is also found near 1621 em ', The sharp band located at 3642 cm ™" in part (¢) confirmed
that calcium hydroxide only exists in EAFD. Kaolinite may mixed in the sintering dust from
Guofeng and blast furnace dust from Baosteel for small peaks around 3696 cm ™' and 914 em ™.

Asymmetric stretching vibration and out of plane bending vibration feature from all samples
reveal that carbonate presences in every dust. The bands in the region from 1110 to 1000 cm™
and 799 em™! are assigned to Si—O stretch vibrations, while the peaks around 546 and 466 cm™*
belong to Si—O bend vibrations. The bands located at 571, 440 cm™" in EAFD are arranged to

38



vibrations of spinels (AB,Oy). In both spectra of sintering dusts, the bands around 3138 cm ™' and
2950 em ', are assigned to C—H stretch of aliphatic carbon chain indicating the presence of
organic matter. The peak at 1152 em ™" in sintering dusts and blast furnace dust from Shougang
may contribute to C—O stretch by dioxins.

F.M. Martins et al. determined the infrared spectra of weathered and recent electric arc furnace
dust, but they did not find Ca(OH), in EAFD. [14]
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Figure 4. FTIR spectra of samples prepared as KBr pellets

Conclusions

(1) The mean particle diameter of SD, BFD, EAFD are 12.550 ~ 13.774 um, 26.373 ~ 51.015 pm,
and 1.469 um, respectively.

(2) Fe, K, Cl are present in SD with about 29%, 9% and 14%; Fe, C are present in BFD with
about 40% and 20%, Fe, Zn, Ca are being in EAFD with 44.81%, 9.32% and 9.24%, respectively.
(3) XRD technique shows that: the dominant mineralogical phases in SD are KClI, Fe,Os, CaCOs,
CaMg(COs),, NaCl, SiO,. Mineralogical phases in BFD contain Fe,Os, Fe;O, and small amount
of KCI. Fe;04, ZnFe 0,4, CaCO;, CaO are detected in EAFD. C was not discovered.

(4) SEM and EDS analysis obtains that: potassium and zinc elements are abundant in dispersed
fine particles in SD and EAFD, respectively. Some carbon particles emerge alone, some partly
wrapped iron oxides, and other carbon particles almost entirely wrapped iron oxides.

(5) FTIR spectra analysis demonstrates that calcium hydroxide and spinel exist in EAFD,
kaolinite present in the SD from Guofeng and BFD from Baosteel, organic matter containing
dioxins and polycyclic aromatic hydrocarbons both emerge in SD. In addition, carbonate exists
in every dust.
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Abstract

The mineralogical characteristics of iron ores can influence their high temperature sintering
performance. In this study, eight iron ore samples from Brazil, Australia, and South Africa were
characterized by their chemical composition, mineral types, particle morphology, and gangue
dispersity. Meanwhile the influence rules between the mineralogical characteristics and the high
temperature characteristics were evaluated and analyzed. The results showed that the effect of
Si0; on assimilation characteristic of iron ores was relatively complex, Al,Os; and LOI of iron
ores had negative correlation with assimilation temperature of iron ores, the dense slab-flaky
mineral granule restrained to the assimilation characteristics of iron ores; liquid phase of iron
ores with high SiO; content and low Al,Os content had high fluidity, and the higher dispersity of
gangue minerals in iron ores was good to the fluidity of liquid phase.

Introduction

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

Therefore, in this paper, based on mini-sintering test experiments, the high temperature
characteristics of eight import iron ore fines which commonly used in China were measured.
Then compared and analyzed the effect of mineralogical properties of iron ore fines, particularly
the micro-characteristics, on the assimilation characteristics and liquid phase fluidity.

Experimental

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

Table I. Chemical Compositions of Iron Ore Powders
Ore TFe FeO Si0, CaO AlL,O; | MgO LOI
I0A 63.42 0.59 5.64 0.01 1.34 0.06 1.81
10B 63.10 0.73 5.56 0.06 0.97 0.27 1.86
I0C 64.14 0.58 5.19 0.02 0.86 0.07 1.68
10D 64.81 0.17 2.77 0.02 1.24 0.06 2.12
IOE 58.60 0.20 4.44 0.04 1.63 0.07 10.07
IOF 61.44 0.29 3.68 0.03 2.26 0.08 5.45
10G 60.77 0.32 4.19 0.02 2.28 0.06 6.07
I0H 64.44 0.32 5.21 0.11 1.33 0.03 0.55
* Mass Fraction

Experiment Method

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

thermocouple

" —
waler = [ gold surface
condenser

heater — &
stnp

A l — sample

] «— water

Figure 1. Mini-sintering test equipment

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

Fluidity of Liquid Phase. The index of fluidity of liquid phase (IFL) of the sample composed of

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

Sample:0.8 ¢

»

| Beforesinter| | After sinter |

Figure 3. Schematic diagram of the fluidity experiment

Results and Discussion

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

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

Ore Tron-containing minerals G:ingue mmef:i 5 LAT/C (1155 0/_(_:)
I0A Hematite and few goethite Quartz Gibbsite 1263 1.949
10B Hematite and few goethite Quartz Gibbsite 1290 2.183
10C Hematite and few goethite Quartz Gibbsite 1285 1.917
10D Hematite a