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Preface

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

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

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

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

The book is divided into nine sections and each section has different focus. They
include Characterization Technologies, Minerails and Ceramics, Ferrous Metals,
Nonferrous Metals, Light Metals, Environmental and Construction Materials, Carbon
and Soft Materials, and Energy, Electronic and Optical Materials. In each section,
the characterization technologies developed and applied for the specific material are
discussed with various examples.

There are very few books published with focus on characterization. We hope this
book will serve as a good reference book in this area. We understand the breadth
of characterization and materials processing. This book will by no means be able
to fill all the needs. But it will provide the up to date information on the current and
newly developed characterization technologies with examples on how they have been
applied for the processing of various materials. This can be handy and stimulative for
people trying to solve problems in the material industries.

xiii



We are very grateful to the authors of the included papers for their knowledge
contributions, the reviewers for their time and effort dedicated to the manuscripts
during the review process, and the publisher for their assistance on the final details.
We are also thankful to TMS for giving us the platform to carry out this task. Finally,
we would like to express our gratitude to all the previous chairs and members of the
Characterization Committee. Their vision and work have made this field prosperous.

Jiann-Yang Hwang, Sergio Neves Monteiro, Chengguang Bai, John Carpenter,
Mingdong Cai, Donato Firrao, Buoung-Gon Kim
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Abstract

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

In order to color metallography, the samples were plunged into a boiling solution of 18% KOH,
9% NaOH and 9% picric acid in distilled water, 1t was inferred that the microstructure coloration
varies according to the sequence: green—red— yellow—blue—>dark brown—light brown as the
silicon content decreases. After observing dendrites, dendrites arm spacing was measured. In this
method, it seems to be possible to predict the mechanical properties of compacted graphite cast
irons by knowing dendrites arm spacing and without any destructive testing. After studying the
two variables, it was concluded that dendrites arm spacing decreases as the amount of
mischmetal increases and it increases as the cooling rate increases.

Introduction

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

Experimental Procedure

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



Hardness testing was carried out by Vickers hardness testing, 30kgf was selected as force.
Results and Discussion

Spot Analysis

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

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

Graphite Morphology

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

Table 1. Estimation of compacted graphite amount in different steps (%)
Added mischmetal Thickness of Step (mm)
(wt.%)
6 12 25 37 50

3
0.17 0 35+5 70+ 5 90 x5 95+5 95+5
0.185 0 305 6535 85+5 905 905
02 0 255 50+5 805 905 905
0
0

0.22 205 45+ 5 755 90£5 855
0.24 5+5 35+5 705 85+ 5 805




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

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

The Effect of the Rare-Earth Elements Content on the Microstructure

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



Fig. 3. Effect of changes in samples thickness on the amount of compacted graphite formation.

Table 1I. Microstructure survey in different samples steps (Carbide + Perlite + Ferrite(wt. %
Added mish metal Thickness of the step (mm)
(Wt.%) 3 6 12 25 37 50
0 0+44+56  0+64+36  0+28+72  0+21+79  0+5+95  (0+9+91

0.17 33+64+3  0+35+65 2425473 (+22+78 0+15+85 0+11+89
0.185 42+58+0  0+40+60  0+29+71 0+25+75  0+13+87 0+16+84
0.20 51+49+0  0+42+58  5+35+60  0+27+73 0+22+78 0+20+80
0.22 53+47+0  7+50+43  5+45+450  4+33+63  0+25+475 1423+76
0.24 55+45+0 40+52+8 21447432  8+35+57 1+28+71 3+31+66

Fig. 4. Cementite formation trend line in the matrix structure of 3 mm step, as a result of
variation in rare-earth elements amount.

).



Lack of access to a structure without any cementite in the sections less than 4 mm which have
compacted by rare-earth elements can be justified by simultaneous effect of rare-earth elements
presence and high cooling rate, which prevent the graphitization and persuade the formation of
cementite. In the sections less than 4 mm, provision of essential supercooling for graphite growth
1s not possible without crossing the metastable eutectic line. While Stefanescu et al. [5] with
simultaneous use of 0.024% Mg and 0.13% Ti in the compaction process achieved a structure
without any cementite in sections with 4 mm thickness. An increase in the cementite formation
in the samples has associated with a decrease in the pearlite presence in the microstructure.
Another point in the samples with 3 mm thickness is that ferrite phase was formed only in very
narrow margin adjacent to the graphites. In fact, formation of 3% ferrite was possible only in the
step with 0.17% added mischmetal. However, with an increase in the rare-earth elements amount
in the other samples with 3 mm thickness, the amount of ferrite phase dropped to 1%.

An increase in the amount of rare-earth elements in the thicker samples also leads in persuading
the formation of cementite in the structure. Nevertheless, due to a decrease in the cooling rate, a
tremendous drop in the tendency to the formation of cementite can be observed as compared
with the samples with 3 mm thickness. As an example, in the step with 6 mm thickness the
formation of cementite only is limited to the samples with the maximum amount of rare-earth
elements. Reducing from the formation of ferrite phase in the structure is the main influence of
increasing the amount of rare-earth elements in the thicker samples. 26% average reduction of
ferrite formation in the structure of the sample steps with 0.17% added mischmetal as compared
with the same steps in the sample with 0.24% mischmetal approves this theory.

Fig. 5. Ferrite presence trend line in the matrix structure of different steps, as a result of the
variation of the rare-earth elements amount.

The Effect of Cooling Rate on the Microstructure

Function of the cooling rate in changing the microstructure of CGI is due to different nature of
interfaces in austenite, cementite and graphite phases. The cooling rate associated with sufficient
driving force plays an important role in the growth of graphite, austenite and cementite phases.
The formation of ferrite phase in the microstructure increases as the cooling rate decreases. Fig.
7 shows similar trend line of ferrite formation which can be justified by: (a) available extensive



Dendrite Arm Spacing (DAS)
According to Table 111, it can be concluded that DAS increases as the cooling rate decreases.

Also by increasing the mischmetal amount, DAS decreases and it can be anticipated that the
mechanical strength would increase.

In alloys with low melting point such as aluminum, predicting the mechanical properties of parts
is possible easily with assistance of non-destructive testing such as measuring the DAS by
rovealing the dendrites. But it has not been possible for cast irons and has not been done so far,
and just destructive methods have been applied for measuring the mechanical properties of cast
irons. In this study, using color metallography by the special etchant, the dendrites were revealed
in CGI for the first time, and thus a method for predicting the mechanical properties of CGI was



provided. Consequently, no more destruction of CGI parts is needed in order to measure the
mechanical properties, and thus a new economical method can be introduced to the industry.

Table 11I. The comparison of calculated DAS between the samples

Thickness of sample Added mischmetal (wt.%) DAS (um)
3 185.0 67.166
3 24.0 82.58
50 185.0 62.384
50 24.0 49.169

Results of Hardness Test

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

Fig. 8. Hardness variation in the steps, as a result of variation in the rare-earth elements amount



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

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

Conclusions

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

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

Introduction

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

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

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

Steel Composition and Processing Methods

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

Table |. Chemical composition of micro-alloyed steels (weight %).

Steel C Mn_{ Mo Ni Vv Nb Ti N
CMn(VNDTi)-1 0.07 | 1.34 0.051 | 0.051 | 0.017 | 0.0073
CMn{VNbTi)-2 005|162 0.019 | 0.076 | 0.014 | 0.0079

CMnMoNi(VNbTi) { 0.05 | 1.30 { 0.187 | 0.182 | 0.051 | 0.044 | 0.013 [ 0.0063
CMuoMo(VNbTi) | 0.06 | 1.32 | 0.222 0.053 | 0.042 | 0.013 | 0.0050

‘T'he hot strips were produced with the csp* technology. In the process, both the 52mm and the
65mmi thick thin slabs that were up to 1,900mm wide, were first cast in the csp® caster, then
homogenized in the tunnel furnace at temperatures of around 1,130°C and finally rolled to
12.7mm thick hot strip in the finishing mill, Table 11.

Table [L. Thin slab and strip dimensions as well as tensile properties of hot-rolled strips.

Steel Slab- Strip- Ratio Yield | Tensite [ Ratio
thickness | thickness | tsw/tsip | strength | strength | YS/TS
1N 11 in mm in MPa | in MPa
CMn(VNbTi)-1 52 127 4.1 478 580 0.82
CMn(VNbTi)-2a 65 12.7 5.1 537 640 0.84
CMn(VNbTi}-2b 65 127 5.1 578 655 0.88
CMnMoNi(VNbTi) 52 12.7 4.1 529 626 0.85
CMnMo(VNDbTI) 52 127 4.1 542 654 0.83

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

t-siri ic

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

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

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

Figure 3. HNO;-etched microstructures of hot-rolled strip at a quarter of sheet thickness (s=0.5).
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Method of Microstructural Analysis: Electron Backscatter Diffraction (EBSD)

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

The EBSD data provides a wide
variety of post-processing possi-
bilities, e.g. related to grains, grain
boundaries, and misorientations. The
EBSD software can also be used to
visualize the orientation aspects of
microstructures and gather statistical
information on preferred orientations
of the material. Some of the analysis
techniques used in this investigations
Figure 4. Schematic SEM set up for EBSD measurement  are explained in more detail in the
and example of a Kikuchi pattern. following section.

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

Analysis of hot-strip microstructures

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

Figure 5a shows the resulting IPF maps for the hot strips made of CMn(VNbDTI)-1,
CMnMoNi(VNbTi) and CMn(VNbTi)-2a. Moreover, Figure 5b shows the grain boundaries for
different misorientation angle intervals, For the Mo-alloyed variant and the variant with a higher
Nb alloy, a clear increase in the amount of grain boundaries with misorientations of less than 15°
has been found. These small-angle grain boundaries are assigned to substructures, of which some
can be scen in Figures 3 and 5a. CMn(VNbTi)-1, in contrast, reveals large areas of grain
boundaries with misoricntations between 15° and 45° (see also Figure 5c), in which the micro-
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Figure 5. Microstructural details of hot-rolled strips (s=0.5): a) inverse pole figure maps;
b) Grain boundary misorientation maps; ¢) Misorientation angle distribution.

structure constituents dominated by small-angle grain boundaries are embedded. The resulting
grain boundary fractions for the five alloys considered and for different areas of misorientations
are compiled in Table 1II. As shown by the example of alloy CMn(VNbTi)-2a, the differences
between the quarter position and strip center are small.

Table 111. Fraction of grain boundaries (in %) with a certain misorientation.

Steel s <5° | 5°-10° | 10°-15° { 15°-45°{ >45°
CMn(VNbTIi)-1 0.5 7 13 7 34 39
CMn(VNbTi)-2a 0.5 10 18 10 20 42
CMn(VNDTi)-2a 0 11 19 10 19 41
CMn(VNbTi)-2b 0.5 8 11 7 34 41
CMnMoNi(VNbTi) 0.5 14 19 9 18 40
CMnMo(VNbTi) 0.5 14 19 9 19 39

15



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

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

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

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

Steel s <1° 1°-2° 2°-3° | Average
KAM

CMn(VNbTI)-1 0.5 68 30 2 0.8
CMn(VNbTi)-2a 0.5 39 53 8 12
CMn(VNbTi)-2a 0 35 57 8 1.3
CMn(VNbTi)-2b 0.5 62 32 5 09
CMnMoNi(VNbTi) 0.5 12 71 17 1.6
CMnMo(VNbTi) 0.5 10 73 17 1.6

nal and bainitic ferrite portions. KAM maps of CMn(VNbTi)-1 and -2 reveal a mixture of
polygonal ferrite and in dependence of niobium content and chosen thermomechanical
processing higher portions of non-polygonal and bainitic ferrite components. Mo-alloyed strips
display highest number fractions of local misorientation in the range of 2° to 3° and consequently
increased average XAM values (Table 1V). Thus, high portions of bainitic ferrite are assumed.

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

The corresponding data are collected in Table V. While the average grain sizes based on high-
angle boundaries with a misorientation of 15° are similar, the dyo-values differ considerably.
However, neither average grain size nor dj-value could be clearly correlated with the
corresponding toughness here expressed by the Charpy impact transition temperature. Other
factors like distribution of dislocations as well as precipitates and homogeneity of micro-
structural components may also affect ductile-brittle behavior. A qualitative method to describe
grain size heterogeneities is presented in Figure 7. Large grains with grain size d > dyo are
highlighted in the image quality (IQ) map and grain size distribution. However, a part of the
grains contains a higher fraction of small angle grain boundaries. Reduced threshold values of
misorientation i.e. GTA 5° in combination with adapted values of considered measuring points
i.e. NP2 lead, as expected, to lower grain sizes. For hot strips with similar yield strength and

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

Steel GTA 5°/ NP2 GTA 15°/ NP 20
dzp dgy dyo dyy
CMn(VNbTi)-1 15.7 5.6 24.8 6.5
CMn(VNbTi)-2a 152 33 30.5 6.0
CMn(VNDTi)-2b 124 34 21.5 58
CMnMoNi(VNbTi) 14.1 45 28.5 5.7
CMnMo(VNbTi) 169 48 30.5 5.8
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Figure 7. CMnMo(VNbTi) grain size Figure 8. Charpy impact transition temperature
distribution and IQ map with highlighted  as a function of the inverse average grain size
grains with d > dzo (GTA 15°/ NP 20). estimated for a tolerance angle of 5°.

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

Summary

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

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

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

Background of Steel Tube Manufacturing

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

Problem oun

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

rch Approach

The objective of this project is to investigate relationships between the properties of the tube
after cold working and those of the flat coil before cold working. The objective is achieved by
developing a series of multiple regression models which predict the physical properties of steel
tubing based on the tube dimensional characteristics and the flat steel physical properties. Some
properties of steel tubes and coils, with their corresponding notation, are listed in Table 1.

Table 1. Some Properties of Steel Tube and Input Flat Coil

Steel Tube Flat Coil
Dimensional Size Slit Width
Properties Shape (square, rectangular, round)
Gage Gage
Physical Yield —Yr Yield — Yr
Properties Tensile ~— T Tensile — T
Elongation — Er Elongation — Er

To achieve the objectives of this project, the following research approach was followed:

1. Understand the tube manufacturing processes at the manufacturer.

2. Collect data.

3. Construct various scatter diagrams from historical data, and interpret these graphs in order to
discern qualitative patterns.

4. Build regression models.

5. Validate regression models.

6. Provide report to the manufacturer.
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Literature Review

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

Changes in Physical and Dimensional Properties of Metals under Cold Working

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

i L i 3 1 3 1
O 10 20 30 40 50 60 70
Reduction by cold work, %

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

Previous Application of Regression to Model Cold Working Effect
No books and papers on applications of regression modeling in the cold working have been

found in our literature research. A project completed by a former University of Alabama MSIE
graduate student, Song Liu, and the first authour has related research. In that project, a
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regression model was developed to estimate the gage growth after cold working of flat steel of
known gage into a tube of specified size and shape [2]. They found that gage growth was a
function of shape and gage, but did not depend on physical properties of the flat coil. Our
research will show that physical properties of tubing depend on both dimensional specification of
the tubing and physical properties of the flat steel.

Regression Model Building

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

Data Coilection and Preparation

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

0 if tube shape is round
ShapeRatio = 1 if tube shape is square
Tube Width / Tube Length  if tube shape is rectangular
SlitWidth = Tube perimeter.

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

Table 11. Response Variables and Potential Predictor Variables

Yield in Tube ( 10° psi )
Response Variables | Tensile in Tube ( 10° psi )
Elongation in Tube ( % )
Gage (inches)

Shape Ratio

Potential ~ Predictor | Slit Width (inches)

Variables Yield in Flat Coil (107 psi)
Tensile in Flat Coil (10° psi )
Elongation in Flat Coil (% )
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The data set is then checked for error. Box plots for each variable are prepared (not shown) to
detect extreme outliers. After deleting those extreme outliers, 1748 observations of the original
data are used in our Minitab regression model study. A general rule of thumb to decide whether
the number of cases is large enough states that there should be at least 6 to 10 cases for every
variable in the pool of potentially useful explanatory variables [7]. According to this rule, the
data set provided has sufficient observations for regression study. Our strategy is to divide the
data into two subsets with half of the cases picked up randomly to build regression models,
whereas the other half is used for model validation. The first and the second data set are also
referred to as model building data set and validation data set, respectively.

Reduction of Predictor Variables

Traditional methods of scatter plots, correlation matrices, and best subsets regression were used
to narrow the search for predicator variables, for each of the three steel tube properties to be
modeled. The Minitab best subsets algorithm identifies a group of “best subsets” according to
specified criteria without requiring the fitting of all of the possible subset regression models. The
output of best subsets regression for response YieldT showed that for response YieldT, the four
variable subset (Gage, ShapeRatio, SlitWidth, TensileF) and the five variable subset (Gage,
ShapeRatio, SlitWidth, YieldF, TensileF) are “good” since their R’ and R,” is maximum, and their
C, are small and close to p. Because variable YieldF should in theory be important to YieldT, the
five-variable subset, in which YieldF is included, is chosen. The fitted model is obtained and the
output of regression analysis is:

YieldT = 35.9 + B8.18 Gage + 2.44 ShapeRatic - 0.203 SlitWidth + 0.0353 YieldF (2)
+ 0.398 TensileF

Model Refinement and Selection of YieldT Model

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

It was seen from analysis of the regression output for the above model that the coefficient of
YieldF is not significant. Because YieldF and TensileF are correlated, we could delete either of
them. After deleting 7ensileF, the coefficient of YieldF became significant in the refitted model.
Next we focus on examining the adequacy of function form, i.e., whether the high order and
interaction terms need to be included in the model. Plots of residuals against each of the two-
variable interaction terms not included in the model (not shown here) do not exhibit any pattern,
thus there are no interaction terms required in the model. Residuals against all the predictor
variables are also plotted to examine whether a pattern exists. It was found that the residual plots
against ShapeRatio and SlitWidth suggest possible curvature effect. A remedy is to add the
square term of ShapeRatio and SlitWidth to the model. In order to reduce collinearity between
the first-order term and the second-order term, variable ShapeRatio and SlitWidth need to be
centered. The centered variable can be expressed as: z, = X — X . After the two square terms
(ShapeRatio - 0.82)* and (SlitWidth - 17.96)* are added in the model, the following revised
regression model (R’ =128.4%) is obtained:
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YieldT = 53.8 + 12.7 Gage - 0.645 ShapeRatio - 0.322 SlitWidth + 0.222 YieldF N
7.64 {SR=~0.82)~2 + 0.0132 (SW-17.86) 2

1dati YieldT Mod

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

Table l1]. Regression Results of Model YieldT Based on
Model Building and Validation Data Set

Statistic Model Building Data Set | Validation Data Set
Coef SE Coef Coef SE Coef

Constant 53.772  2.089 54719 2.082

| Gage 12711 2.529 14.708  2.633
ShapeRatio | -0.6447  0.7716 -0.188  0.8038
SlitWidth -0.32200  0.02048 -0.37285 0.02165
YieldF 0.22205  0.03742 0.19681 0.03841
(SR-mean)* | -7.640 2.174 -5413 2422
(SW-meanf 0.013166 0.001512 0.016401  0.001540
MSE 14.33 14.93
R-Sq 28.4% 30.4%

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

Tesil {El : el
Similar detailed regression studies resulted in the following regression models for tensile
strength (R = 30.4%) and elongation (R’=12.8%):

TensileT = 35.5 + 16.8 Gage - 0.169 ShapeRatio + 35.5 (1/SW) + 0.423 TensileF (3)
5.07 (SR-0.82;°2 + 723 (L/SW-0.070)~2 + 0.0525 (TensileF-59.74)"2

ElonaT = 23.8 ~ 4.33 Gage - 1.97 ShapeRatio + 0.126 SiitWidth + 0.138 ElongF (4)
- 0.00651 (SW~17.96)"2

Optimization

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

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

Min d = (Y.-Y)+ (Ti- T)+ (E - ES
S.T. Y, = f{(Gage, ShapeRatio, SlitWidth, Yr, Tr, Er)

T, = g(Gage, ShapeRatio, SlitWidth, Yr, Tr, Eg)

E, = h(Gage, ShapeRatio, SlitWidth, Yr, Tr, Egp)

YieldF 2 40
TensileF > 54
ElongF > 27

Where function £, g, 4 are models derived from the data as described above, and the lower limits
of variable YieldF, TensileF, ElongF are set according to the minimum value of the range of the
data on which our regression models are built.

Excel solver can be used to solve for the optimal solution of this problem, a type of “inverse
problem” often encountered in engineering. Figures 2 shows how to use Excel solver to get
optimal value of Yp', Te and Er, following the below steps:

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

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

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

The particular example shown used input of:

Gage: 0.25 SlitWidth: 16 TensileS: 65

ShapeRatio: 1 YieldS: 60 ElongS: 30.
The Excel Solver solution tells the manufacturer to order coils with properties:

YieldF: 40.63

TensileF: 55.71

ElongF: 52.6,

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

Conclusions
Relationships between the properties of a welded steel tube after cold working and those of the

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

Figure 2. Using Excel Solver to Get Optimal Solution (YieldF", TensileF", ElongF")
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Abstract

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

Introduction

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

Experimental

In this study, various experiments were carried out to determine the forming-relevant properties
of $355J2+N. These include tension, compression and flat rolling tests and their respective
structural examinations. The strength parameters were determined for tension and compression
load. From the data of the compression tests flow curves were determined. They are the basis for
the ascertainment of the needed deformation force and therefore deformation energy. Material
tests have been carried out with two test machines, MTS 813.2 (250 kN) for tests at room
temperature and TIRAtest 28100 (100 kN) for tests at elevated temperatures. Tensile tests were
carried out according to DIN EN 10002-1:2001. The experiments were performed at testing
specd of 0. 04 mm /8. For the uompressmn test, flow curves were determined for true strain rates
¢ of -0.01 5", -0.15" and —0 § 5. The diameter/height ratio was 1.5 with a diameter of 10 mm.
For the strain rate of-0.1 s™' the diameter was 8 mm and the final true strain was set to 1.
However, due to imitations of the testing machine the test stopped when the load limit of 10 kN
was reached.

A rolling machine from Binder and Weichert with maximal compressive force of 500 kN was
used for the flat rolling tests. The radius of the plain rolls is 100 mm and rollings were carried
out using 2 and 6 revolutions per minute (rpm). The geometry of the samples for the rolling tests
is as follows: length of 150 mm, width of 30 mm and thickness of 25 mm, according to the
industrial application. Specimens were rolled to |5 mm and 8 mm thickness at 650°C which
translates to total true strain of ¢ = -0.51 and ¢ = -1.14, respectively. In a second rolling test the
sample geometry was | = 150 mm, w = 30 mm and t = 12 mm. They were rolled to § mm (¢ = -
0.405) at 400°C and 650°C. On one hand the rolling temperature is limited by the rolling
machine used, and therefore strain hardening will occur. On the other hand, low forming
temperatures allow a better handling of the work pieces. Hot corrosion was not observed (steel
plates have a primer coating) and the forming process is expected to be less energy consuming.
Due o strain hardening during forming at 600°C and below, heat treatment was applied to
relieve stresses in the work piece or even initiate a recrystallization process, all under supervision
of surface decarburization leading in hardness loss.

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

Result and Discussion

Starting with the flow curves at elevated temperatures, they have been determined from
compression tests. Figure 1 shows flow curves for S355J2+N at 1000°C at three different strain
rates. The maximum ﬂow stress ki max fOr a deformation rate of (p =001 sis approximately
62 MPa, for ¢ = -0.1 s ke rmax = 85 MPa and for ¢° = -0.5 § ! the maximum could not be
determined because of the load limit of the testing machine. The flow curves show that
incrensing deformation speed increases the flow stresses and thus the maximum stress Kr max a5
well a$ the true strain at the maximum stress. For ¢* =-0.01 5™ it is obvious that recrystallization
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occurs in an oscillating way, which has also been found in literature for other deformation
parameters [3].The material recrystallizes dynamically faster than the increasing of dislocation
density by increasing forming strain. That behaviour becomes weaker with increasing true strain.
For forming higher strain rates (here ¢’ = -0.1 s) dynamic recrystallization has also been
observed. However, overlapping hardening and softening mechanisms keep the flow stress kg
(76 MPa) at a constant value for strains, where steady-state stress takes place. Determined data
are furthermore the basics for numerical simulation of the complex forming process, which will
not be presented in this paper. These numerical simulations will provide deformation forces for
the real forming process taking various work piece geometries into account,

Figure 1: Flow curves for $355J2+N at 1000°C, for deformation rates -0.01 s, -0.1 s and
-0.5 s (absolute values)

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

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

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

rolling [n Fu standard deviation
] [kN] [kN]

pass 1 -0.14 230 18.285

pass 2 034 281 19.609

pass 3 -0.49 290 21.354

pass 4 -0.83 407 6.473

pass S -1.06 417 24251
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Between two rolling passes a very short heat exposure period of 5 minutes has been applied to
ensure an equal starting temperature for the flat rolling process. The time was chosen as short as
possible to minimize static structural changes in the test execution. An increase in mean values
of the compressive force (Fn) at each pass indicates work hardening by rolling. The rather high
standard deviation of F, can be explained by temperature decrease of the sample during rolling,
which takes approximately 10 seconds. Grain size measurements were also carried out using line
intercept method to observe if recrystallization or grain growth has already taken place at
temperature of 600°C. In table 2 further parameters of the rolling sequence of sample ST3 are
given. For two chosen true strains (@g) of -0.49 and -1.06 the effect of short heat treatment,
annealing at 650°C for 20 min, was investigated by structural examinations in longitudinal (LK)
and transversal (QW) rolling direction. The principle idea of applying heat treatment to the
material is to find out the influence of the annealing process on the ability to reduce the
dislocation density after deformation. After increasing material ductility and brittle fracture
resistance, additional stepwise deformation by rolling is possible in case higher deformation
degrees are needed.

Table 2: Rolling and heat treatment parameters of sample ST3 for rolling in 3
passes (ST3-15) and 5 passes (ST3-8) plus giving information on direction of
microstructural analysis: longitudinal (LK) and transversal (QK) rolling direction

sample direction [ heat treatment
ST3-8 LK longitudinal -1.06 -
ST13-8 QK transversal -1.06 -
ST3-8 LW longitudinal -1.06 20 min at 650 °C
ST3-8 QW transversal -1.06 20 min at 650 °C
ST3-15 LK longitudinal -0.49 --
ST3-15QK transversal -0.49 -—
ST3-15 LW longitudinal -0.49 20 min at 650 °C
ST3-15 QW transversal -0.49 20 min at 650 °C

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

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

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

E9=0,49_(W =¢=L06_LW =¢=0,48_LK

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

31



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

In order to investigale the heat treatment effect, hardness test was carried out on the rolled
material. Measurements were carried out at the upper, centre and lower sections of the
specimens. Three measurements were made for each data group, out of these the mean value and
standard deviation was calculated. In table 4 the hardness values HVO0.1 arc given. It can be seen
that heat treatment lowers the hardness significantly.

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

smple | upper centre lower

StILK8 285+ 62 246 172 258+ 3.5
St3IQK8 274+ 78 242+ 162 267+ 4.2
St3LW8 198+ 10.0 219+ 9.6 211 53
St3Qws 197+ 68 211 x 65 209+ 3.9

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

n,, = 2 rev/min

Table 5 Microstructure for different annealing times depending on the local region

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

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

This paper focus on the influence of carbon content and cooling rate on the microstructure and
phase formation of Fe-Mn-C alloys under near-rapid solidification. When manganese content is
about 11wt.%, more e-martensite can be obtained with cooling rate increasing when carbon
content is 0.14wt.%, the formed phase changed from a phase to y phase when 0.74wt.% carbon
is added to the samples, and when carbon content up to 2. 1wt.%, carbide can be obtained in the
sample. A host of stacking fault, which attributes to the strain-induced martensite, can be
observed in the sample. The microhardness increased with cooling rate increasing, and under the
same cooling rate, the microhardness of samples with 0.14wt.% carbon is highest.

Introduction

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

Fe-Mn-C is one of hadfield steel which is extensively used in automobile, and also a class of
metastable material, which is well known for its “transformation induced plasticity” (TRIP) and
“twinning induced plasticity” (TWIP) effects {2]. And, Fe-Mn alloys also show a good damping
capacity which is caused by e-martensite formed on cooling {3,4]. So, many researches have
been carried out for the y—o or y—¢ martensitic transformation of Fe-Mn-C both theoretically
and experimentally {5-7]. 1.R. Sare revealed that e-phase retained upon splatcooling was found to
increase with cooling rate and carbon content within the restricted range [8]. In this paper,
Fe-Mn-C system was selected to investigate its microstructure evolution and phase formation
during near-rapid solidification.
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Experiment

A serics of Fe-Mn-C ingots were prepared from high purity iron (99.99 %), mangancse (99.9 %)
and Fe-C master alloy (containing about 4wt.% carbon), by electric arc melting in a water-cooled
copper crucible under argon protective atmosphere. The Fe-Mn-C ingots have a nominal
manganese concentration of 11wt.% Mn, with carbon contents of 0, 0.14, 0.74, and 2.1wt.%,
respectively. The results of elemental analysis indicate that Mn content are 10.0, 10.06, 10.01
and 9.90wt.% for the ingots of 0, 0.14, 0.74, and 2.1wt.% carbon, respectively.

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

Figure 1. Schematic illustration of spray casting

The strips were analyzed by means of X-ray diffractometry (D\max-2200X) with Cu
Ka-radiation. Thin strips for transmission electron microscopy (TEM) were prepared using 10
pet HCIO4 in alcohol by double-jet polishing apparatus. TEM observations were conducted on a
(JEOL) JSM-2010.
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Results and Discussion

The cooling rates for strips with thickness of Imm and 1.5mm calculated by simulation were
2.0x10%K/s, 8.8x10% K/s, respectively.

XRD Analysis

Figure 2. X-ray diffractograms of Fe-11wt.%Mn-Xwt.%C strips with thickness of 1mm

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

Figure 3. X-ray diffractograms of Fe-11wt.%Mn-0.14wt.%C strips with thickness of 1mm,
1.5mm, and the as-cast sample
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with 0.14wt.% carbon and FCC, BCC phases in the strips with 0.74wt.%, 2.1wt.% carbon. The
e-martensite (HCP structure) peak can be only detected when the carbon content is 0.14wt.%.
Peak height of FCC crystalline structure phase are much more distinguishable than BCC
crystalline structure phase’s when carbon contents are Owt.% and 0.14wt.%, but when carbon
contents are 0.74 wt.% and 2.1wt.%, the results are reverse. So, the formation of austenite can be
strongly promoted by addition of carbon, and a little carbon addition can promote the formation
of e-martensite.

Effect of Cooling Rate; X-ray diffractograms of Fe-11wt.%Mn-0.14wt.%C strips with thickness
of Imm, 1.3mm, and the as-cast sample are shown in Figure 3. The coexistence of BCC, FCC
and [ICP crystalline structure phase in three strips can be confirmed from their XRD patterns.
The {101} martensite peak is more and more distinguishable with cooling rate increasing. Thus,
increasing cooling rate is likely to induce yg-—€nep martensitic transformation.

Analysis

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

Figure 4. Transmission electron micrographs of Fe-11wt.%Mn-0.14wt.%C strip with thickness of
Imm. (a) and (b) a’-martensite; (¢) BF morphology of e-martensite; (d) DF morphology of
g-martensite.
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Figure 5. (a) and (b) Transmission electron micrographs of Fe-11wt.%Mn-0.74wt.%C strip with
thickness of 1.5Smm. (c) and (d) TEM BF and DF micrograph of Fe-11wt.%Mn-2.1wt.%C strip
with thickness of Imm.

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

Figure 5 (a) and (b) show that only numerous stacking fault and dislocation piled up at y (FCC
structure) grain boundary, no evidence of a’-martensite or e-martensite was found. And when
carbon content is up to 2.1wt.%, carbide precipitated along grain boundary, and tiny dislocation
can be aslo observed near grain boundary, as shown in Figure 5 (c) and (d). So, TEM results
reveal that a’-martensite (BCC structure) and e-martensite (HCP structure) only exist in
Fe-11wt.%Mn-0.14wt.%C under near-rapid solidification.

The reason of occurrence of a’-martensite or e-martensite in Fe-11wt.%Mn-0.14wt.%C under
near-rapid solidification is probably increase of stacking fault induced by the presence of
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moderate carbon in solution, so that yg.~€n,, martensitic transformation was promoted.
However, too much carbon would stablize y phase, pin dislocation and stacking fault, and
increase stacking fault energy, so martensitic transformation will be suppressed [9]. And when
carbon content increases furthermore, carbide is easy to precipitate.

i e ents

Figure 6. Microhardness of Fe-11wt.%Mn-Xwt.%C alloys

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

sampl¢ at higher cooling ratc is probably a result of smaller grain caused by increasing cooling
rate.

Likewise, when under the same cooling rate, microhardness of the alloy with 0.14wt.% carbon is
highest. The highest hardness at 0.14wt.% carbon content results from the presence of
a’-martensite or e-martensite which is considerably hard. A 190-250 HV hardness value of the
alloy with Owt.% or 0.74wt.% corresponds to that of the ferrite or austenite phase (XRD result in
Figure 2 can support this interpretation). Carbide precipitates (the phase can be observed in
Figure 5 (c) and (d)) along grain boundary are attributed to the second highest hardness of alloy
with 2.1wt.% carbon.

Conclusions

(1) Moderate carbon is found to promote ygc—€hcy martensitic transformation, and too much
carbon will make carbide precipitated along grain boundary in Fe-Mn-C alloy;

(2) Increasing cooling rate cuan promote ygc—rEnep martensitic transformation, so that increase
volume fraction of e-martensite;

(3) Carbon content range from Owt.% to 0.14wt.%, BCC structure phase is formed, and carbon
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content above 0.74wt.%, FCC structure phase is formed, and metastable HCP phase can be
detected in Fe-11wt.%-0.14wt.%C alloy strips under near-rapid solidification;

(4) The microhardness increases with cooling rate, and the microhardness of alloy with 0.14wt.%
carbon is highest under the same cooling rate.

Acknowledgements

The authors wish to express their grateful thanks to National Natural Science Foundation of
China (N0.51074104 ) and National Basic Research Program of China (No.2010CB630802) for
the financial support of this work and Instrumental Analysis & Research Center of Shanghai
University for providing analysis and testing of samples.

References

[1] B. Feuerbacher, “Phase Formation in Metastable Solidification of Metals,” Materials Science
Reports, 42 (6) (1988), 1-4.

[2] P. Sahu, A.S. Hamada, R.N. Ghosh et al., “X-ray Diffraction Study on Cooling-Rate-Induced
Yre—>€hep Martensitic Transformation in Cast-Homogenized Fe-26Mn-0.14C Austenitic
Steel,” Metallurgical and Materials Transactions 4, 38 (A) (2007), 1991-1994.

[3] C.S. Choi, J.D. Kim, T.H. Cho et al., “Damping Capacities in Fe-X%Mn Martensitic Alloys,”
(Paper presented at Proceedings of the 7" International Conference on Martensitic
Transformations, Monterey, California, 20-24 July 1992), 509-512.

[4] C.S. Choi, Woojin OSK Corp., US Patent No. 5290372, 1994.

[5] J. Agren, “Computer Simulations of the Austenite/Ferrite Diffusional Transformations in
Low Alloyed Steels,” Acta Metallurgica, 30 (8) (1982), 841-851.

[6] Z.K. Liu, J. Agren, “On the Transition from Local Equilibrium to Paraequilibrium during the
Growth of Ferrite in Fe-Mn-C Austenite,” Acta Metallurgica, 37 (12) (1989), 3157-3163.

[7] X. Lu, Z.X. Qin, Y.S. Zhang et al., “Study of the Paramagnetic-Antiferromagnetic Transition
and the y—& Martensitic Transformation in Fe-Mn Alloys,” Journal of Materials Science, 35
(2000), 5597-5603.

[8] I.R. Sare, “The g-phase in Rapidly Solidified Ferrous Alloys,” Journal of Material and
Science, 16 (1981), 3470-3478.

[9] K. Chen, X.J. Jin, “The Influence of C and N Elements on Stacking Fault Energy of Fe-Mn-
Si Alloy,” Functional Materials, 38 (2007), 3236-3238.

[10] N.H. Pryds, X. Huang, “The Effect of Cooling Rate on the Microstructures Formed during
Solidification of Ferritic Steel,” Metallurgical and Materials Transactions 4, 31 (A) (2000),
3156-3157.

41



Characterization of Minerals, Metals, and Materials

Edited by: Jiann-Yang Hwang, Sergio Neves Monteiro, Chengguang Bai,
John Carpenter, Mingdong Cai, Donaio Firrao, and Buoung-Gon Kim
TMS (The Mi; Is, Metals & Materials Society), 2012

Effects of Surface Modifications on SCW Corrosion Resistance
Jian Li', S. Penttil? and W. Zheng'

'CANMET - Materials Technology Laboratory, 183 Longwood Rd. S., Hamilton, ON, Canada
VTT Technical Research Center of Finland, Materials for Power Engineering, P.O. Box 1000,
F1-02044 VTT, Finland

Abstract

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

Keywords: SCW, corrosion, surface modification

Introduction

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

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

Experimental Details

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

Results and Discussion

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

Figure 1. Digital photograph of tested tube samples

SEM images taken from the surfaces indicated that little corrosion took place on the machined
surface (Figure 22). The machining marks are well preserved. The polished surfaces were
covered with thick oxide layer (Figure 2b).
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Figure 2. SEM images of surface morphology after SCW exposure (a) machined surface, (b)
600- grit polished.

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

1) Surface oxide layer

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

2) Subsurface microstructure

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

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

3) Contributing factors

Mechanism of such significant difference between the machined and polished samples can be
complex. However, it is widely accepted that maintaining a dense, continuous and coherent
passive film is the key in corrosion prevention for stainless steels.

Prior to SCW exposure, the machined surface exhibited significant residual strain near the
surface. The deformed zone is depicted as a severely disturbed layer shown in Figure 4 (sand
blasted 3 16L alloy). During the subsequent SCW exposure at 650°C, the severely deformed zone
becomes recrystallized, forming a fine-grained microstructure near the surface (Figure 3a). The
test temperature in this experiment is not high enough to cause grain growth. The increased grain
boundaries area in the fine grained layer could act as short circuits for outward diffusion of Cr.
This helps to provide sufficient Cr near the surface to maintain a continuous Cr,O; passive layer
during SCW exposure. Study by Tsuchiya et al, [17] on corrosion and SCC resistance of
normal-size and fine-grained stainless steels in SCW support our explanation. In case of the
formation of nano structure as that shown by Staehle [14], the surface layer will have
significantly reduced strength, which could lead to SCC initiation,
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Figure 4. FIB section of sand blasted 316L stainless steel
On the other hand, SCW exposure of polished surface that had coarse grain structure oxidized
severely. The rate of corrosion is affected by both the outward diffusion of Fe to form Fe;O4
crystals on the surface, and inward diffusion of oxygen to form the interfacial Cr-rich complex
oxide. Because of the limited densities of grain-boundaries that can act as “short-cut” pathway
for Cr diffusion, the high integrity of passive chromium oxide layer could not be maintained
during SCW exposure.

Summary

Surface treatment could improve corrosion resistance of stainless steels under certain conditions,
as seen in the 3161 samples that were tested in the as-machined conditions. The machining
introduced significant sub-surface plastic deformation, which led to recrystallization and grain-
refining. There was much less oxide formed on the as-machined samples than on the polished
samples. Grain refinement although improves corrosion resistance, butk fine-grained materials
should not be used as cladding due to their poor creep resistance. In combination with various
coating effort, surface treatment that lead to fine-grained surfaces could provide a solution for
materials solution for Gen-IV reactor cladding.
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Abstract

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

Introduction

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

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

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

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

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

A theoretical approach would consist in modelling one abrasive particle that can be considered as a

cone of half angle 0 at the vertex, under a differential load dP. The particle penetrates the surface with
adepth z. (see Fig. 1).
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Fig. 1. Wear model for the contribution abrasive.

Using as & definition the Meyer hardness H as:
dP
H="" 1
A )
where dA is the projected surface within the plane of the indent, we can make the following
considerations. The contribution of the abrasive particle to the load is:
dP =dAx H @

In other words:
dP =% [ g’ 3)

The factor %2 comes from the geometry of the indent.
‘The volume of material dV from a sliding distance dL, as given by geometry is:

dV = 5 xigoxdlL “

Then:
dy 2cotd « daP

a (5
dL T H
For all abrasive particles a wear percent is obtained that is expressed as:
Vo [2eot8] PP
H H

L ®)

Where:

r
is obtained expcrimentally and generally is of the order 102,

Ko k[cht@}

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

General Basis for Tribofinishing

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

Thus there are three variables that have influence on the process:

1. - A machine that imparts relative movement and the energy associated.

2. - The work load which carries out the work during the process

3. - The liquid solution which acts as an agent with defined surface properties.

The mechanical aspect of the process rests upon control of the multiple collisions between the load
of particles and the work piece [4].

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

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

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

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

IO

SHINING
DESBURRING

0K

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

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

The selection of a given abrasive depends on the following:
- The relative proportion of abrasion, impact or shearing,

- The shape of the work piece

- The type of machine to be used {5].

From a general point of view, if the piece to be treated is a soft metal, a polymer abrasive will give
the best result. On the contrary if the piece is hard, it should be best to use a ceramic abrasive, which
due 10 its significant chemical inertness there should be no effects upon the system considered. The
main parameters for the selection of the abrasive are given as follows:

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

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

Q= iAI‘(VM - Vm)

0=l (7)
where: )
Z, = number of abrasive cutting grains
A, = area of one cut obtained
Vm = velocity of the work piece during contact
Vy = velocity of the abrasive during contact
- Reliability of the abrasive: this is related to the structural homogencity, to cohcsion, fragility, ...

The Environment
Generally, the tribological actions occur in an aqueous medium that contains additives. Among the
most ¢common additives, the surfactants are preferred, because they favour machining the surface,

very likely because they affect favourably the local cutting conditions,

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

Experimental Procedure
There exists a correlation between the quantity of material that has been cut away and the relative

variation of elements in the workload. In order to analize the problem, it is of interest to use this
kinematic approach. The work principle for barrel turning is schematised in Figure 3.
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Fig. 3. Important characteristics for barrel turning.(1 rubbing circuit, 2 return circuit, 3 aqueous
solution, 4 foam solution, h level solution, A cascade very high velocity, B cascade charge
insufficient).

For a better understanding of the problem in hand, it has been carried out a kinematic study of the
movement of a workload within the barrel. The cilindrical symmetry of the barrel of radius R is
considered and the workload is assumed to be distributed in the internal periphery of the barrel at a
given point M. The latter is defined in the X-Y plane in relation to angle 6. (see Fig. 4).

i

Om

A

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

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

There is a second reference fixed X1-Y1 (see fig. 5), where point M with coordinates (X,Y) has new
coordinates (X,,Y1). This is to say:

OM = Rcos# - X + Rsen8-Y (8)
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Fig. 5. New reference axis to study the kinematics of movement.

()m=h(-scna-,~f+cosa-7)+AM(cosa-)?+sena-7)

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

Reosé = AMcosa - hsena
Rsené = AMsena + h cosar (10)
Which gives:
AMsena + h cosa
tan @ = —mmem——eie
AM cosax -h cosa (11

The last expression permits to relate both parameters h and 0. Besides, it is seen that (see fig, 5) is
fulfilled:

AM= (R? ~ k)"

(12)
From the defined coordinates, it is possible to define the instantaneous velocity at point M:
Vir= oM ~R@'senf - X + RO cosd Y
dt (13)
Taking into consideration the change of reference system, we have;
X=X cosa~Y sena
7::‘(~,sena+3’:cosa (14)
Expression (13) may be written as:
V,, ==R8'sen(@-a) X, + RG'cos(@ — a)Y, (15)

V., = ~Rasen(d - @) X, + R cos(@ -~ )Y,

Where the angle @ physically represents the sliding slope.

With the same reasoning, the acceleration at point M is given by:
— v _— —

Vo = «;i;"— = Rw? cos(a -0) X, + Ro’ sen(a - 6)Y,

(16)
The last expression has been numerically calculated for different values of the angles o and 6.
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It is important to emphasize that point M is a particular point, where one particle that is initially in
contact with the wall of the barrel, which is not involved in the uniform rotation movement around
the OZ axis and it is sliding suddenly toward the inner part of the barrel following the sliding slope, in
accordance to the reference: OX; — OY).

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

Vi owe

-Rw
Fig.6. Evolution of the sliding speed as a function of the workload for a=45".

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

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

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

RW /3 h=R/2

] o i 1
T L T T
30 45 60 90 3

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

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

It is observed that the sliding height or sliding potential is maximum when h = 0, regardiess the
sliding angle (sce Fig. §).
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AH-@I R*hfsena

Fig.8 Variation of the aliding height with the diameter of the barrel

1t is observed that sliding height or sliding potential is maximum when h = 0, regardless the sliding
angle (see Fig.9).

AH
o = 60"

R e 45"

a=30"

R h
Fig. 9. Evolution of the sliding height of DH, as a function of the workload for different sliding
angles.

To increase the o angle will increase the maximum value for AH.
Conclusions

Tt i3 evident that the workload of the barrel at half height has two important characteristics, maximum
length and a sliding potential; however, the sliding speed is initially null.

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

In order to evaluate the grain refining and mechanical properties due to severe plastic
deformation (SPD), this work was carried out. Conventional rolling (CR) and cross roll rolling
(CRR) as a SPD method were introduced, and Ni-20Cr alloy as an experimental material was
chosen. The materials were cold rolled to 90% in thickness reduction and subsequently annealed
at 7000C for 30 min to obtain the fully recrystallized microstructure. For annealed materials after
cold rolling, electron back-scattered diffraction (EBSD) analysis was carried out to investigate
the grain boundary characteristic distributions (GBCDs). CRR process was more effective to
develop the grain refinement relative to CR process, as a result, grain size was refined from 70
pm in initial material to 4.2 pm (CR) and 2.4 pm (CRR), respectively. These grain refinements
directly affect the mechanical properties improvement, in which microhardness and yield and
tensile strengths were significantly increased than those of initial material.

Introduction

Cross-roll rolling (CRR), i.e., a new rolling process in which roll axes are tilted against the
transverse direction (TD) in the rolling direction (RD) — TD plane, was proposed by Chino et al.
{1]. This new rolling process can impose a higher effective strain than that of conventional
rolling (CR), resulted mainly from shear deformation of €23 {2]. Generally, the effective strain
imposed in material during deformation directly affects the resulting grain size through heat
treatment, in other words, a higher effective strain can obtain the more refined grain size {2]. Ni
base alloy used in this study has an intermediate stacking fault energy (SFE), ranging between
Cu and Al alloys, however, an increase in Cr content on Ni matrix led to the gradual decrease in
SFE [3, 4]. As known theoretically, the lower SFE materials are more easy to acquire the refined
grain size than that of the higher SFE materials through SPD and subsequent annealing process,
resulted from the more nuclei sites [3, 4]. Therefore, CRR process with a higher effective strain
than that of CR process could be obtained the notably refined grain size and accompanying the
increased mechanical properties. Lately, SPD processes, such as equal channel angular pressing
(ECAP), high pressure torsion (HPT) and high speed ratio differential speed rolling (HRDSR),
have been studied with regard to obtaining of high strength, resulted from refined grain size [5-7].
However, the research of CRR process on Ni-Cr alloys has not been carried out thus far.

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

The material used in this study was Ni-20Cr alloy with size of 30 mm X 50 mm x 8 mm.
Solution treatment was carried out at 10000C for 1 h to remove the cast structure and obtain the
homogenized microstructure. Specimen was mechanically ground to remove the surface
oxidation and cold rolled to 90% thickness reduction, without lubricant to maximize the shear
strain. In particular, CRR was carried out with retaining the roll mill condition in which roll axes
were tilted by 5° from the transverse direction (TD) in RD-TD plane. In order to observe the
microstructures of cold rolied materials by CR and CRR, transmission electron microscopy
(TEM) was employed, and cold rolled sheets were then cut to 3 mm disc, mechanically ground to
80 pm and jet-polished to 10 um by using the solution of 10 m! perchloric acid and 90 ml
methanol at -300C. TEM analysis on thinned specimens was carried out at 200 kV.

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

Figure 1. Configuration of transverse tensile specimen used in this study.
Results and Discussion

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

angle and CSL boundaries (<X29), respectively.

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

lines in the grain boundary maps indicate high angle, low angle and CSL boundaries (<X29),
respectively.

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

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

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

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

Application of SPD process such as CR and CRR led to the notable grain refinement, as a result,
average grain size was significantly refined from 70 pum in initial material to 4.2 and 2.4 um in
CR and CRR, respectively, as shown in Fig. 2 and 3. In particular, CRR processed material
showed the more refined size than that of CR processed material. This can be explained in terms
of the effective strain which imposed during deformation. Generally, a larger effective strain
imposed in material can lead to the more refined grains through heat treatment. CRR process
applied in this study has a larger effective strain than that of CR process due to shear
deformation of =g; [8]. As known by theoretically, CR mainly impose the deformation with
€1=-e13 and €2;= €)=t 13= €1=0, whereas in the practical rolling process €3 is not zero.
However, CRR process can expect the shear deformation with €12, €13 and €3, without expecting
at CR, which results in change in grain shape during the deformation [8]. Therefore, these shear
deformation due to CRR process, resulting in a higher effective strain, can lead to the more large
grain refinement after heat treatment.

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

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

Conclusions

Application of cold rolling on Ni-20Cr alloy was effective to develop the grain refinement. As a
result, average grain size was refined from 70 um in initial material to 4.2 um in CR and 2.4 um
in CRR, respectively, showing a higher refinement in CRR. These grain refinements led to the
increase in mechanical properties such as microhardness, and yield and tensile strengths. In
particular, the yield strength in CRR processed and annealed material increased to 800% relative
to the initial material and 180% relative to the CR processed and annealed material, respectively.
Notable increase in yield strength of CRR matenial is caused by a higher effective strain relative
to CR material, mainly resulted from €,3, as well as the texture development of <111>//ND.
Therefore, CRR process imposed a higher effective strain can enhance the grain refinement and
accompanying the mechanical properties, more effectively.
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Abstract

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

Introduction

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

One issue that arises with systems of open celled porous structures is the occurrence of
overheating and/or dry-out, in which the heat transfer from the application exceeds the
capabilities of the vapor chamber, and the fluid evaporates faster than it can be wicked through
the system. In such cases, the fluid no longer returns to the condenser region from the
evaporative region and the vapor chamber ceases to function as a cooling device [1]. The ability
to determine the performance parameters and critical characteristics of the thermal wicks prior to
their implementation in application situations would decrease the chances of the wick
overheating. Knowing the limits of the thermal wick would allow the prevention of placing the
wick in an application that function outside the range of the thermal wick’s capabilities. 1t would
also be favorable to have the ability to reliably produce devices with the same critical
characteristics and performance parameters.

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

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

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

Experimental
Development of Formulations

Six distinct slurry formulations were created to fabricate a series of samples to be
structurally analyzed. ‘T'wo different sizes of poly(methyl methacrylate) spheres were utilized for
sample fabrication, one type with an average diameter of 40pm (Scientific Polymer Products,
in¢) and another with an average diameter of 15pm (Arkema, Inc). Three different volume
percentages of the polymer pore templates were utilized to effect differing levels of porosity,
53% template by volume, 65% and 73%. The different formulations were developed by first
determining the ratio of copper powder to polymer template necessary to create dry mixtures of
poly(methyl methacrylate) and copper powder that were 53%, 65% and 73% template by
volume. The copper powder used to fabricate the foams was derived in the laboratory from 3-
Sum copper (I1) oxide powder (American Chemet). The liquid portion of the slurry was a
solution of 25% 8000 molecular weight poly(ethylene glycol) (Carbowax™) in water. The
poly(ethylene glycol) served as a binder to keep the foam layer from cracking when the solvent
was evaporated after the slurry was applied to the substrate.

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

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

Application Methods

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

Microstructural Analysis

Microstructural analysis of the open celled foam samples was achieved by capturing
rcpresentative cross-sectional images of each formulation with a Hitachi S-4700 scanning
electron microscope. The samples were prepared by infiltrating the foam with a conductive
epoxy (Epoxy Technology, Inc) prior to cross-sectioning the sample. The surface to be imaged
was then ground and polished by standard metallurgical procedures. The images were obtained
using a backscatter detector at magnifications that allow the entire cross-section of the structure
to be shown in the image. The thicknesses of the structures to be analyzed were within a 100pm
to 400pm range. The image preparation- cropping and conversion to a binary image from an 8-
bit image by Otsu thresholding- was executed with Fiji image processing and analysis software
and the porosity, perimeter density, tortuosity and effective pore diameter calculations were
completed by use of a previously established numerical method code in a MATLAB®-based
computation [2, 5]. The porosity was measured by converting the images to binary and
determining the percentage of the image that was the pore, the number of white pixels in the
image, compared to the total number of pixels. The perimeter density was determined by an
edge detection algorithm measuring the distance of the boundary lines of the foam-pore
interfaces [5]. Tortuosity values were determined by generating a random starting point within
the image, and measuring the distance that must be traveled to escape the image relative to the
actual distance between the starting point and the image boundary. This measurement was
repeated 1000 times to generate an average value. Due to its suitability for calculating the
permeability of the porous foams, the Kozeny-Carman equation (1),

=2 M

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

Results and Discussion
Formylations

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

Varying the size of the sacrificial template spheres resulted in a vast difference in the
resulting microstructures. As displayed in Figure 1, the 40um average diameter template (Figure
in) affected an open celled foam structure with much larger pores than the foam created with the
1 5um average diameter template (Figure 1b). The 15um average diameter template foam image
suggests that the surface area between the foam and the pore is greater than that of the 40pm
average diameter template foam. The differences between the structures affected by varying the
template size are significant, as the different structures will have different critical properties that
will allow them to be tailored to specific applications based upon their performance capabilities.
The larger pore size foams show a higher level of interconnection within the solid phase,
however the uniformity of the inter-particle pore network is more uniform in the foams created
from smaller pore templates.

Figure 1. a) Scanning electron microscopy cross-sectional image of a section of foam from a
53% by volume 40um average diameter template precursor slurry. b) Scanning electron
microscopy cross-sectional image of a section of foam from a 53% by volume 15um average
diameter template precursor slurry.
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Application Methods

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

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

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

Microstructure Analysis

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

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

Table 1. Permeability

Average Template Diameter (um) 40 15

Template Volume Fraction 0.53 0.65 0.73 0.53 0.65 0.73
Area Fraction of Pores 0654  0.599 0559 | 0.613 0698 0.696
Effective Pore Diameter (um) 216 17.0 21.8 10.4 119 11.5
Permeability (um?) 15.7 9.41 7.63 6.03 14.1 15.0
Normalized Permeability 0.135  0.130 00642 | 0223 0398 0454

Comparison of the data sets from both template sizes lead to the conclusion that the
template size is influential in dictating the trends that the structural characteristics follow. There
is a larger discrepancy between the template size and the effective pore diameter seen with the
40um average diameter template, as the large space holder template increases the inter-particle
spaces within the sintered powder. The effective pore diameter of the 15um average diameter
template was not as drastically affected, likely due to the decreased amount of space within the
inter-particle sintering, and also that the size distribution between the inter-particle spacing and
the template size is much narrower. 1t is interesting to note that the permeability and normalized
permeability values for the larger template size foams decreases with increasing amounts of
template, but the opposite is true for the smaller template size foams. This observation suggests
that in these size regimes, pore size has a greater effect on permeability than overall porosity.
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Conclusions

This study successfully demonstrated that by creating an adaptable process, thermal wick
samples possessing a set of desirable structural features can be consistently and easily produced.
The process involved the creation of a set of distinct precursor slurry formulations that could
easily be altered to affect microstructural changes. By changing the formulation of the precursor
slurry suspension, the pore size and pore content of thermal wick structures could be predicted
and achieved. Variable application processes allowed for the formation of a precise slurry
thickness over a wide range of measurement. A non-destructive method of quantifying key
structural features was successfully implemented to predict the performance parameters of the
open celled copper foam. Future work can be done to improve this process by evaluating the
structural characteristics of the produced copper thermal wick systems by other, non-two-
dimensional methods, such as tomography. Statistical data detailing the spatial distribution of
the pores would greatly assist in further characterizing the permeability of the thermal wicks, as
well as leading to a method to dictate how thick a formulation must be made to achieve a certain
porosity, as was described previously. Data correlating the structural parameters determined by
this process to actual thermal processing is necessary to validate the trends of the different
formulations with respect to the evaporative cooling efficiency and overall thermal performance.
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Abstract

Conventional smelting of copper — cobalt — iron sulphide concentrates result in the oxidation
of cobalt and iron, which are subsequently lost into the slag. The emission of SO, bearing gas
from smelting causes serious health and environmental problems. In this investigation, three
different types of copper—cobalt—-iron sulphide concentrates, derived from froth flotation,
were investigated., the concentrates, each containing more than 40 wt % percent gangue
material, were directly reduced in the presence of lime and carbon in the temperature range of
1073 K - 1573 K, for the production of an alloy containing copper, cobalt and iron. We
demonstrate the basic principles of process phf'sica] chemistry for the recovery of alloy by
carrying out a detailed process analysis utilising the predictions from thermodynamic
equilibrium and the results from the kinetics of reduction reaction. The effect of temperature
on the reduction kinetics and alloy formation were determined and analyzed in detail.

Key words: CoFe alloy, reduction, SO, process chemistry
Introduction

Nearly 80 % of the copper produced in the world originates from the sulphide mineral
concentrates [1], roasting ancf smelting are the common methods emrloyed during metal
recovery from such concentrates. In Zambia, copper sulphides minerals are predominately
associated with cobalt and iron sulphide minerals. Most pyrite minerals contain significant
amount of cobalt as the ionic radius of Fe** (0.076 nm? ané)Co2+ (0.074 nm) are very close to

each other [2], which may permit solid solubility in sulphide mineral matrix.

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

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

Mineral sulphides can be directly reduced in the presence of a basic oxide and reducing agent
[3-9], The presence of a basic oxide; e.g. lime is essential as it acts as an exchange medium
for S* ions in the mineral concentrates, shown by MS, in equation la. Once the exchange
reaction la, transforms a sulphide into an oxide, the reduction reaction ib may then yield
metal and CO gas, depending on the magnitude of kinetic barriers.
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MS(s,l/))+ CaO(s) = MO(s,1) + CaS(s) la

MO(s,0)+ C(s) =M (s,1)+ CO(g) ib
The overall reaction Ic is the sum of reactions i1a and Ib:
MS(s,0)+ CaO(s)+C(s) = M(s,l)+CaS(s)+CO(g) lc.

Experimental Procedure

Nchanga, Nkana and Baluba froth flotation concentrates from Zambia were used in this
investigation and mincralogical composition is shown in table 1. The reduction experiments
were carried out isothermally in order to analyse the overall kinetics of reduction reaction Ic¢
as a function of temperature. The generic experimental set up is discussed in detail elsewhere
E{, which was adopted in this study, except in this investigation the thermogravimetric

alance was a commercial Saritorius microbalance with the sensitivity in the sub milligram
range. The reaction tube was purged with argon gas at 0.5 litres (minute)” through out the
experiment for maintainin{g an inert atmosphere and sweeping off the product gas mixture, so
that the equilibrium in eq. Ic can be shifted in the forward direction.

Table 1 ~ Mineralogical composition of froth flotation concentrates in  weight %

CuzS ] CuFeS,; | CusFeS, [ CuCo,84 [ FeS, [ SiO; [ Other
0.2

Nchanga | 28.29 1 5.80 11.08 . 493 13453]17.84
ana | 0.7 8.60 5.00 2.20 10.10 { 19.00154.4
aluba _10.5 3480 [06 1.94 1549[9.13 117.54

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

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

Results and Discussion
The percent reduction (%R) was calculated by taking the ratio of the apparent or observed

reduction in weight at time “t” due to the loss of CO gas, with stoichiometric weight loss via
reaction Ic and the resulting equation is given in equation 2(a)
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Weight loss at any time

%Re duction at any time = .
° Y Theoretical weight loss creveeen . 2(a); and
0,
Theoretical weight loss = oS x 28(RMM of CO) xWeight of Concentrate
100% 32(RMM S) 2(b)

Low Temperature Reduction

Thermal gravimetric analysis (TGA) was carried out between 1073 K and 1323 K in order to
study the kinetics of carbothermic reduction. The weight loses were recorded every 10
seconds at the reduction temperature. The X-ray diffraction analysis reveals that metallization
was achieved by determining and comparing the relative intensities of diffraction peaks for
copper, cobalt and iron metallic phases. No peaks for starting mineral sulphide concentrates
were identified in the fully reacted samples, which was characterized by defining the
cessation of weight loss due to reaction lc.The completion of reaction ¢ was characterized
by examining the X-ray diffraction peaks for three different types of mineral concentrates
reduced at 1273 K. In the powder diffraction patterns in Figures 3a to 3c, intense peaks for
CaS, pure SiO; and metallic phases, and unreacted lime were observed.

—— Baluba Icas

o
a
pa
20

2-Theta (degrees)

(@)
Figure 1 — The XRD powder pattern for the Nchanga, Nkana and Baluba concentrates
reguced in the presence of lime and carbon at 1273 K (a) S:CaO:C = 1:2:2 (b) S:CaO:C =
1:2:1

Effect of Temperature, I.ime (Ca0Q) and Carbon Concentration

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

In order to understand the effect of lime during carbothermic reduction of mineral
concentrates, the carbon to mineral concentrate ratio was fixed. The weight losses at any
time were higher with increase in lime concentration, as shown in figure 2(b). Since the
exchange reaction depends on the contact surface area of lime with the sulphide mineral, by
increasing the ratio of CaO/sulphide the apparent rate of exchange reaction might increase,
allowing a larger proportion of oxides of Cu, Fe, and Co to form. The Cu, Fe and Co oxides
react with carbon and produces carbon monoxide, according to equation 1b. When the
mineral sulphide concentrates were mixed with lime and carbon in ratios of
S:Ca0:C=1:1.5:4, 1:2:4 and 1:3:4, no unrcacted mineral sulphides werc identified in the
owder diffraction patterns of the reaction products after 2 hours of reaction at 1273 K.
E{uwever, when the reduction temperature was lowerer to 1173K and for a mixture
containing S:Ca0:C=1:1.5:4, the Cu,S and CusFeS; were identified as unreacted phases,
which were found to be absent at S;Ca0:C=1:3:4 mixture. This comparative observation
suggests that both the ratios of lime:sulphide and carbon:sulphide concentrates are critical for
controlling the overall yield of metal values at a given temperature. These observations might
be consistent with the chemically controlled and diffusion controlled rate steps, reported
elsewhere [10]. Mineral concentrates contain gangue materials, as shown in table I, which
reduces the contact area between lime and mineral sulphides. It is therefore important to add
lime at le]ast 50 % in excess of the stoichiometric requirement for achieving near completion
reaction Ic.

The percent reduction %%R) was higher for stoichiometric addition of carbon, S:CaQ:C =
1:2:1 than at mixtures of $:Ca0:C = 1:2:2 and S:CaO:C = 1:2:4. At lower stoichiometric ratio
of C: CaO both the SO; and CO; gases may contribute to overall weight loss, which may
then exaggerate the maximum expected reduction via reaction 1¢. The XRD analysis in figure
1(b) shows that metallization was not complete due to the presence of calcium ferrite in the
reacted sample. At lower concentrations of carbon, the propensitfy for SO, formation
increases according to equations 3. Any calcium sulphate which may form will decompose
to vield lime and SO; through reduction calcination [11]. SO; is heavier than CO causing
higher weight loss.

3CuO(s)+CaS (5)=3Cu(s)+Ca0(s)+50,(g) ... .......3

The overall % reduction were similar at 1273 K for S:CaO:C = 1:2:2 or = 1:2:4, as shown in
figure 3(a). However, the % reduction at S:Ca0:C=1:2:4 were higher than at S:CaQO:C =
1:2:2 at 1173 K as can be seen in figure 3(b). In order to achieve near 100% conversion of
metal sulphide into metal, it is essential to increase the contact surface area for carbon
reduction which means the ratio of carbon to metal sulphide must be optimised.

Figure 2- (a) Effect of temperature at S:Ca0:C=1:1.5:4 and (b) Effect of changing CaO
concentration at 1273 K and during carbothermic reduction of Nchanga mineral concentrate
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Figure 3 - Effect of changin af carbon concentrations during carbothermic reduction of
Nchanga mineral concentrates (a) at 1173 K and (b) at 1273 K

High Temperature Reduction at 1573 K

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

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

Copper and cobalt sulphides in figure 4(b) were identified in the Nchanga and Nkana samples
after reheating the sample at 1573 K. The reason that residual copper/cobalt sulphides are
present in Figures 4b, might appear to be a product of internal sulphide phase formation via
metallic copper and cobalt in the presence of a dicalcium silicate slag. The CaySiOy4 forms as
a result of Ca$ reaction with the Ca0.SiO, which then releases the S* ions leading to matte
formation (CosSs and Cu,S). In the presence of more than the stoichiometric amount of lime
and carbon, the sulphide matte formation does not occur because the excess lime participates
in calcium silicate formation as well as in the sulphide exchange reaction 1a.
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Figure 4 - Carbothermic reduction of mineral concentrates (a) reduced at 1273 K, (b)
reduced samples reheated to 1573 K for 2 hours (S:Ca0:C=1:1.8:2.2)
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M / Alloy Formation during Carbothermic Reduction

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

The metallic phases in the back-scattered electron image in SEM appear bright . Semi
quantitative results in all analysed areas of the reacted samples are compared in table 2,
which correspond well with the predictions from the binary Co-Fe, Cu-Fe, and Co-Cu phase
diagrams. The maximum solubility of copper in cobalt is about 20 weight % at 1643 K,
whereas that of cobalt in copper is nearly 10 wei%ht % at 1385 K [12-14]. Maximum
solubility of iron in copper and copper in iron is 4.1 % and 15 weight %, respectively [14].
The results in table 2 show the maximum solubility of iron in copper and copper and iron
are 1.79 weight % and 5.13 weight %, respectively. From the semi quantitative analysis data
in table 2, it is possible to produce copper over 96 weight % purity in a single step. Elemental
mapping in figure 5 further shows that the reduced metals (co;}:lper, cobalt and iron ) have
limited solubility in each other at 1273 K. Figure 5 also shows that sulphur was tied up with
calcium which was identified as CaS during X-ray diffraction analysis. Mass balance in
spcgtrum 2 of table 2 further shows that there is no sulphur loss during metal / alloy
production.

The EDX analysis of the sample, reduced at 1273 K and then reheated at 1573 K, showed the
arcas with 43.78 weight % Fe, 38.44% Co and 12. 58 weight % Cu. Elemental mapping in
ﬁlgure 6 shows that Co distributed with Fe because of higher solubility between these
clements.
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Table 2- EDX Semi quantitative results for some selected areas, Nchanga
(S:Ca0:C=1:1.8:1.8) reduced at 1273 K

Area Cu Co Fe Ca S [4) Si

A 11.49 81.66 277 109 0.86 11.63

B 7.01 89.94 - 0.9 0.66 |1.63

C 5.16 57 22.49 14.09 3.49 [3.781

D 5.13 - 9346 |1.38 0.74

E 0.52 - 039 - - 5491 44.32
F 93.49 0.32 249 |- 0.44 [3.49 -

G 0.26 - 0.63 - - 56.63 44.40
H*(Ni=2.25%) [91.78 - 1.68 0.16 0.53 [1.82 1.18
J 96.36 0.95 1.79 [0.26 0.44 |- -
Spectrum 1 13.62 2.41 4.56 20.48 13.62]31.65 11021

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

mixture (S:Ca0:C=1:1.8:1.8). (A) sample area investigated, (B) Ca distribution, (C) C
distribution, (D) Co distribution, (E) Fe distribution, (F) Cu distribution.
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Figure 6 — Elemental mapping showing distribution of elements for Nchanga concentrate
(8:Ca0:C=1:1.8:1.8), reduced at 1273 K and reheated at 1573 K, with 10% CoO added to
the mineral concentrates before reduction in the mixture (A) sample area investigated under
(A) BSE imaging, (B) SEM imaging.

Conclusions

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

o The process of metallization depends on S:CaO and S:C ratios, the percentage
reduction was higher at $:Ca0O:C = 1:3:4 than at 5:Ca0;C=1:1.5:4, as shown in figure
2(b). Thc metallization was incomplete at stoichiometric addition of carbon
(5:Ca0:C=1:2:1) due to formation calcium ferrite, as shown in figures 1(a) and 1(b).

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

¢ Both the XRD and EDX analyses confirmed the é)resence of Cu, Co and Fe phases at
temperatures below 1323 K, while the Cu-rich and Co-Fe phases formed at 1573 K, as
shown in the elemental maps in figures S and 6.

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

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

Introduction

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

X-ray analysis of pyrite specimens on a Rigaku D/MAX 2200 - diffractometer showed that weak
peaks of hematite Fe,O3; (d=2.69 and 2.52 A) are formed on X-ray photographs of specimens
under the nonthermal [4, 5] action of HPEMP [6]. This indicates a substantial local temperature
rise at the points of contact between mineral particles and in regions of inhomogcneity on their
surfaces [7-9]. Such an effect was observed during the radiation—thermal processing of pyrite in
[10]: the phase transition of FeS; pyrite into Fe>O3 magnetic hematite occurred under the effect
of an accelerated electron flow. -

The morphology, sizes, and elemental composition of neoformations on sulfide surfaces have
been studied by scanning electron microscopy (SEM, LEO 1420 VP), X-ray spectral
microanalysis (XRMA, EDS, INCA Oxford 350 X-ray microanalysis system), and scanning
probe microscopy (AFM, INTEGRA Prima, NT-MDT). The results of SEM-XRMA
investigations of the surface structure of pyrite, arsenopyrite, pyrrotine, and pentlandite indicate
the formation of defects (breakdown channels and microcracks) and the forced formation of new
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micro- and nanophases on sulfide surfaces, due to electric pulse processing. In addition to
intensity peaks corresponding to Fe, Ni, As, and S, a pronounced peak corresponding to oxygen
has been traced in the X-ray spectrum of a surface from the region of localization of
neoformations, possibly indicating the formation of autonomous and nonautonomous phases,
presumably oxides (hydroxides) of iron and anhydrous sulfides of iron (II/11I) [1-3, 6].

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

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

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

2
g_n“_":_jonzexp{_fl&}’ (1)

[0_—_‘}2‘_._,,;"
mn

whete n,, is the concentration of particle of critical size, 7, = is the critical radius, »n

20
kTn,InS
is the concentration of iron atoms in a gas phase, n, is the concentration of iron atoms in a gas
phase, m is the iron atom mass, o is the surface energy of the condensed phase, S =n/n, is the
oversaturation at the given temperature, n,=n,exp{~ H/kT) is the equilibrium vapor
concentration, and # is the sublimation energy per one atom. The energy released during
condensation is transferred to the ambient gas. The particles of condensed matter are transported
together with the gas flow. The thermodynamic properties of iron are taken from [13]. As for the
rest, the problem of gas outflow was solved according to the scheme we used in [11].

Evaporation produces an outflow of gas from the breakdown channel, the gas being a mixture of
monoatomic iron and sulfur. The radius of the breakdown channel is 4 um, and its length is
160 pm; the initial gas density is 0.3 x 10° kg/m’, and the initial density of the gas energy in the
channel is 107J/kg. The dimensions of the calculation region are 41 x 160 points for the
breakdown channel (the analytical grid) and 205 x 321 points beyond the channel (a grid that
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narrows as it approaches the channel opening). Under normal conditions, the outflow is into the
air. The density of the condensed matter in each cell was calculated as n,m/V, where
V =2r rArAz is the cell volume.

The jet flowing out of the channel first expands toward the low-density region, carrying and
dispersing the air in front of it. During ~100 ns, the profiles of the channel matter density and
those of the total density (including the air involved in the motion) are almost identical. The jet
then starts to decelerate and a shock wave of air is formed in front of it. At ¢ = 300 ns, all of the
channel matter is behind the jet front, as can be seen from a comparison of the total density
profile and the profile of the channel matter density (Figure 1).

Figure 1. Density of the matter flowing out of a breakdown channel (a) and the total density
with allowance for air (b). A shock wave propagates in the air while the gas flowing out of the
channel remains behind its front. The coordinate of the channel opening is z = 0.00016 m (as
measured from the back channel wall). Here and below, only a part of the calculation region
beyond the breakdown channel is shown.

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

As the jet disintegrates, it undergoes defragmentation due to local vortices. In Figure 3, which
presents the distribution of the condensed vapor density, we can see the motion of the fragments
left within the calculation region at s =2-8 pus. The degree of condensation at this stage
approaches 1 everywhere except the near-axis region, which the residual gas flowing out of the
breakdown channel continues to enter. The characteristic size of the fragments is 0.01-0.1 mm,
and the characteristic density of the condensed vapors in these fragments is 0.01-0.02 kg m>,
The sizes of the condensed particles can be determined as follows: if each fragment condenses
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into an isolated drop, the characteristic size of these drops has to be 0.1-3 um. The radius of the
positioning of the iron condensate left near the mineral surface is no larger than 0.3 mm
{Figure 3). This value can be considered an estimate of the size of the region around the
breakdown channel opening where condensed iron particles precipitate. Since the calculations
were performed in a two-dimensional axisymmetric geometry rather than in a three-dimensional
geometry, the obtained estimates are qualitative. We should nevertheless note that they are in
agreement with the experimental studies.

Figure 2. Temperature distribution (a) and density of the condensed matter (b). The high-
temperature region (>12000 K) near the channel opening is not shown.

Figure 3. Distribution of condensed matter at the late stage of outflow from the channel. The
color scale is the same as in Figure 2. For the sake of qualitative comparison, the density
corresponding to the maximum brightness (on the order of 0.02 kg m™) is slightly different for
these images.
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Experimental

Structural and Chemical Transformations of the Sulfide Mineral Surfaces

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

()
Figure 4. Neoformations on the surface of chalcopyrite (a), (b) and pyrrotine (c), (d), formed
under the effect of nanosecond HPEMP: (a) extended (~100 um) coatings and (b) spherical
formation (white ball); (c) thin film with a thickness of less than 100 nm.
Scale bars are 100 pm (a), 10 pm (b); scanning fields are 5 x 5 pm (c) and 1 * 1 pm (d);
height Z < 100 nm; SEM (a), (b), AFM (c), (d)

The first of these form dense, extended (~100 pm) coatings that are fractured and porous, with
local swells of beadlike and irregular spherical shapes that, in some cases, decorate the
breakdown channel openings (Figure 4a). The second phase, represented by spherical formations
with sizes of 3 pm and lower (Figure 4b), is found mainly near the breakdown regions, though in
some cases it is observed at some distance from the destructive zones. Superthin (low
dimensional) films of the third phase (Figure 4c and 4d), which hypothetically consist of
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anhydrous sulfides of iron (II/111) and can be diagnosed by scanning probe microscopy (SPM—
AFM), uniformly cover the sulfide surface mainly in the regions where the craters and erosion
holes of breakdown channels and microcracks are localized.

Electrochemical and Flotation Properties of Pentlandite and Pyrrhotite

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

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

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

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

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

0,45
/i
04— I
E P $o
g g
g 0 5’
R =]
B o
g 0] — &
> <
m e
= 025 02
02 r T T 0,1
0 2000 4000 6000 8000 10000 0 2000 4000 6000 8000 10000
N, pulse N, pulse
(@) (b)

Figure 6. The effect of HPEMP-treatment on BX sorption on pyrrhotite (a) and pentlandite (b)

Thus, it is established, that electrode potential of pyrrhotite is moved together in the negative
party owing to formation of iron oxides (hydroxides) and iron sulfates by HPEMP (10° pulses),
that provides decrease of xanthate sorption and reduction flotation extraction of this sulfide
(Figure 6), whereas electrode potential of pentlandite gets more positive values at the expense of
additional formation of element sulfur, that causes increase of xanthate sorption and, as a
consequence, increase of nickel sulfide extraction.

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

Flotation activity of pyrrhotite with BX changes nonlinearly at increase of pulses number. In the

field of low intensity of the pulse effect (10° pulses), decrease of mineral flotability is observing
(Figure 7a). Floatability of pyrrhotite rises with increase of number of impulses, owing to
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clevation of amount of elementary sulfur on its surface. The maximal output of pentlandite is
reached at 10°pulses (Figure 7a) owing to elevation of amount of elementary sulfur on its
surface and increases of electrode sulfide potential. The preliminary electropulse treatment of
pyrrhotite and pentlandite and introduction sodium dimethyldithiocarbamate (DMDC) at
flotation (Figure 7b) results in increase of selectivity of flotation separation of minerals (Ae =35
% without processing by HPEMP, Ae =55 % at 10° pulses).

Summary

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

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

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

Introduction

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

Fe(111) ions are hydrolyzed by water to form hydroxo- polymers whose structures and growth are

affected by the ligands present. These eventually nucleate hydroxides, oxyhydroxides and
oxides. Fe(ll) is less susceptible to hydrolysis, but is easily oxidized to Fe(111), and will also co-
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precipitate with Fe(Iil). Magnetite can be synthesized relatively easily by increasing the pH of
acidic aqueous solutions containing Fe(II) and Fe(lll) salts, but this approach has not generaily
produced high quality nanoparticles in batch processes. Microfluidic reactors have been used to
produce high quality nanoparticles, because they can provide a more controlled synthesis
environment. Here we investigate both the size distribution of iron oxide nanoparticies
synthesized in a microfluidic reactor, and the ability of dissolved oxygen to oxidize Fe(Il) and
hence affect the nature of the final product.

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

Experimental Methods

Nanoparticle Synthesis [nside a Microfluidic Reactor from Aqueous Iron Chioride Solutions

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

2Fe™ + Fe?* + 8NH4OH = Fe304 + 8NH4* + 4H,0 (1)

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

The second aqueous synthesis route used 12.1 mol/L aqueous ammonia to hydrolyze an aqueous
solution containing 0.15 mol/L FeCls and 0.1 mol/L FeCl; following the method of Karaagag¢ et
al. [5]. The same microfluidic reactor described above was used. No steps were taken to de-
acrate the solutions. The flow rates of the ammonia and iron chloride solutions were equal.
Although the initial Fe(11) to Fe(lI{) ratio was higher than that in magnetite, at least some of the
Fe(ll) present initially would be expected to undergo oxidation by dissolved oxygen. One would
only expect Fe3O4 to appear if some of the Fe(Il) remained unoxidized.
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Nanoparticles Synthesis by Thermal Decomposition of Iron Acetylacetonate

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

Results and Discussion

Nanoparticles Synthesized Inside Microfluidic Reactor from Aqueous Iron Chloride Solutions

Nanoparticles synthesized from the aqueous chloride solution with a 1:2 stoichiometric ratio of
Fe(I):Fe(lll) under argon were characterized by x-ray diffraction (XRD) and transmission
electron microscopy (TEM). Magnetic nanoparticles formed when the flow rate of the ammonia
solution was twice that of the iron chloride solution, providing excess base. These particlcs were
5nm * 0.5nm in diameter, representing a 10% standard deviation in size. This size distribution is
an improvement over batch synthesis techniques using similar aqueous chemistries. Figures 1
and 2 show a TEM image and the XRD pattern of the particles. As noted in Figure 2, only the
(311) peak of magnetite appears. The largest peak, at 20 of about 22° a-FeOOH corresponds to

Figure 1. TEM image of nanoparticles Figure 2. X-ray diffraction pattemn of nanoparticles
synthesized in a microreactor by hydrolysis  synthesized in a microreactor under argon gas.
of an aqueous Fe(1l)-Fe(lIl) chloride Only the (311) peak of magnetite, Fe;O4, appears.

solution under argon. The d spacing (inset)
corresponds to the {311} plane of
magnetite.
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goethite, a-FeOOH. The peak at about 62° and smaller peaks at about 55° and 57° were matched
directly with the pattern of the silicon substrate on which the particles were mounted (which
would be oxidized at the surface). In addition to the distinctive peaks, there is a very broad peak
with @ maximum at about 40°. This peak could be the (111) peak of goethite. When the flow
rates of the ammonia and iron chloride solutions were equal, which did not provide enough base
to neutralize the acid and hydrolyze all the iron, the synthesized particles were non- magnetic.
Since Fe(Il) is less readily hydrolyzed than Fe(Ill), it seems likely that this product would
contain only Fe(III) and is probably goethite.

Nanoparticles synthesized in the microfluidic reactor using the more dilute chloride solution,
with dissolved oxygen available to oxidize Fe(ll) to Fe(Ill), were also characterized by X-ray
diffraction and TEM. The particles were 4.6nm + 0.7nm in diameter, representing a 15%
standard deviation in size. As with the more concentrated solution in which Fe(ll) could not
oxidize, the size distribution was narrower than for nanoparticles synthesized in batch processes
employing similar aqueous chemistries [5]. Figures 3 and 4 show TEM images and the XRD
pattern of the particles. Figure 4 is distinctly different from Figure 2, indicating that the dissolved
oxygen did, indeed, affect the nature of the product. Four of the major peaks in Figure 4
appeared to correspond to maghemite, yFe;Os. This would suggest that all of the Fe(Il) had been
oxidized to Fe(lll) before precipitation. As in Figure 2, two additional peaks were seen, at 26
valucs of 22° and 48°%; as before, the former probably corresponding to goethite, a-FeOOH. The
precipitate was largely magnetic.

Figure 3. TEM image of nanoparticles Figure 4. X-ray diffraction pattern of nanoparticles
synthesized in & microreactor by synthesized in a microreactor from aqueous
hydrolysis of an aqueous Fe(lI)-Fe(lll) solutions containing dissolved oxygen. Four peaks
chloride solution containing dissolved correspond to maghemite, yFe,O;

oxygen. The d spacings (inset) correspond
to the {220} and {313} planes of
maghemite,
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Figure 5. Magnetization curve of maghemite nanoparticles synthesized in a microreactor by
hydrolysis of an aqueous Fe(11)-Fe(111) chloride solution containing dissolved oxygen. Particles
show paramagnetic behavior.

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

Nanoparticles Synthesized by Thermal Decomposition of Iron Acetylacetonate

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

Figure 6. TEM image and diffraction Figure 7. X-ray diffraction pattern of nanoparticles
patterns of nanoparticles synthesized by synthesized by thermal decomposition of iron
thermal decomposition of iron acetylacetonate in oleylamine and benzyl ether
acetylacetonate in oleylamine and benzyl

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

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

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

Figures 9 and 10 show a TEM image and the XRD pattern of nanoparticles produced by the
batch-wis¢ thermal decomposition of iron acetylacetonate in oleic acid and benzyl ether. The
XRD pattern in Figure 10 is extremely similar to that in Figure 7. However, the TEM image
shows two distinctive types of particle, small equiaxed ones, and much larger, acicular particles.
‘The rings in the TEM diffraction pattern, for the sample grown in oleic acid (inset of Figure 9),
were assigned to the (210), (101) (also the 220 peak in magnetite and maghemite), (020), (610),
and (511) reflections of the orthorhombic structure of lepidocrocite [7]. One of the weaker peaks
coincides with the 513 peak in maghemite but not to a lepidocrocite peak. No 301 reflection of
lepidocrocite (expected to be a medium intensity peak) was seen in the pattern shown, but was
visible elsewhere on the sample. This sample has multiple diffraction rings that did not match
reflections for goethite, hematite, akaganeite, schwertmannite, wustite, or e-Fe;O3. In contrast to
the similar XRD paiterns, the magnetic behavior of the precipitate synthesized by thermal
decomposition of iron acetylacetonate in oleic acid (Figure 11) was different from that of the
superparamagnetic particles synthesized in oleylamine (Figure 8). Although the magnetization
curve was also sigmoidal, with little hysteresis, the material saturated at a very low magnetic
field, with a saturated magnetic moment about two orders of magnitude lower than for the
material prepared in the presence of oleylamine. This suggests that the magnetic phase accounts
for only about 1% of all material in the sample. From visual inspection of Figure 9, this would
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be consistent with the small, equiaxed particles being maghemite and the larger, acicular
particles being lepidocrocite.

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

Figure 9. TEM image of particles Figure 10. X-ray diffraction pattern of
synthesized by thermal decomposition of nanoparticles synthesized by thermal

iron acetylacetonate in oleic acid and benzy! ~ decomposition of iron acetylacetonate in oleic
ether. Inset: diffraction pattern of large, acid and benzy! ether

acicular particle

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

Conclusions
Hydrolysis of an acidic aqueous solution of Fe(lI} and Fe(lIl) chloride in a 1:2 molar ratio in a

microreactor under argon produced paramagnetic magnetite nanoparticles, along with a-FeOOH,
with a narrow size distribution of 5Snm #+ 0.5nm in diameter, corresponding to a 10% standard
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deviation in size. Hydrolysis of an ageuous solution with a 1:1.5 molar ratio of Fe(ll) and Fe(I1I)
containing dissolved oxygen produced paramagnetic maghemite nanoparticles along with what
appears to be a-FeOOH. Given the dominance of Fe(lll) in the products, there was clearly
extensive oxidation by dissolved oxygen of the Fe(l1) originally present in the solution.

Thermal decomposition of iron acetylacetonate in oleylamine and benzyl ether produced a
superparamagnetic product with a broader size distribution than seen in the particles synthesized
from aqueous solutions in a microfluidic reactor. The XRD pattern of this product was quite
different from that of either product formed in aqueous solution; the pattern was dominated by a
low, broad peak that probably corresponded to maghemite. There appeared to be little reduction
of Fe(111) by oleylamine, despite reports of oleylamine behaving as a reducing agent [6]. Thermal
decomposition of iron acetylacetonate in oleic acid and benzyl ether produced a mixture of
particle morphologies, including acicular particles of lepidocrocite. Although the XRD pattern
was nearly identical to that of product generated in the presence of oleylamine, the saturation
magnetic moment was two orders of magnitude lower, consistent with much of the product being
lepidocrocite. It seems likely that oleate ligands from oleic acid interfere with the formation of
cubic maghemite, instead promoting the formation of orthogonal lepidocrocite.
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Abstract

Three samples received from the EAF shop have been characterized by chemical, X-ray
diffraction (XRD), optical microscopy (OM) and scanning electron microscopy (SEM) methods.
The objective of this characterization work 1s to investigate the occurrence of nickel, copper, zinc,
sulfur and phosphorus in these samples and identify their origin and associations with iron
minerals in the concentrate samples that are from mines.

The samples were identified as Mineral, Pellet, and HRD. The latter is the DRI product. All three
samples were received as fine powders. The results indicate that, in the mineral sample,
magnetite is the major iron oxide mineral with hematite as a second phase based on the OM and
XRD studies. Pyrite [FeS2], chalcopyrite [CuFeS2] and bravoite [(Fe,Ni)S2] are major sulfide
minerals. Trace amounts of apatite [Ca5(PO4)3(F,C1,0H)], wardite [Na4CaA112(PO4)8(OH)8
6H20], giniite [FeS(PO4)4(OH)3 2H20] and vivianite [Fe3(PO4)2 8H20] were identified by
SEM and XRD. Microscopic studies also indicated that most of the sulfide grains in the mineral
sample are present either as liberated fine particles (about 10 microns) or as inclusions within the
magnetite and hematite grains. XRD studies revealed magnetite as the major mineral with
subordinate amounts of hematite and pyrite confirming the microscopic findings. Copper, nickel,
and zinc are mainly present as chalcopyrite, bravoite, and franklinite [(Zn,Mn,Fe)(Fe,Mn)204]
in trace amount in the mineral samples, respectively. Impurities carry over to the Pellet and HRD
samples.

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

Introduction

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

In order to further expand the source of iron ores and achieve more self-sufficiency in iron ore
supply, it is necessary to carry out fundamental research work with the aim of studying
economical ways of producing high grade steel from phosphorus contaminated ores. A review of
available processing methods indicates that upgrading of low grade iron ore can be achieved by a
combination of physical, thermal, and chemical methods depending upon the mineralogical
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association of the phosphorus minerals and the degree of liberation attained in processing [2], [3].
However, removal of phosphorus from the iron ore becomes more challenging at low levels of
phosphorus, and processing may lead to an increase in iron loss, or require the production of
several grades of products. A mineralogical analysis of contaminant elements in raw materials
versus the cost of removal in steelmaking will be required when suitable technology is identified.

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

Experimental and Discussions

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

Table 1. Mine ROM quality

QR Unit .
Contents T Mine
Cut-off grade % Fe 15.0
Average grade % Fe 50.0
Product quality Natural Fines
Fe total % 63.4
Fe mag % 63.1
Si0, % 3.8
AlOy % 0.4
P % 0.7
S % 1.38
CaO % 3.83
Table 2. Specifications for DR pellet product
Fe Total | Fe™ Si0; S P Ca0 | ALOs
Upper - 0.95 4.00 0.007 0.04 1.07 1.10
Lower 60.1 - - - - - -
Chemical Analysi

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

Table 3. Chemical analysis results of three samples.

Element Mineral Pellet DRI
Lab | Lab2 Lab 1 Lab2 Lab 1 Lab2
Cu 0.015 0.003 0.005 0.004 0.004 0.004
Ni 0.019 0.042 0.008 0.038 0.021 0.051
Zn 0.007 0.010 0.004 0.010 0.006 0.013
Fe 67.08 69.99 66.37 67.29 79 91.42
ALO; 0.33 - 0.54 - 0.47 -
CaO 0.74 - 0.80 - 0.77 -
Si0, 2.39 - 2.97 - 2.90 -
S 0.167 0.100 <0.005 0.02 <0.005 0.01
P 0.07 0.140 0.11 0.124 0.13 0.179

According to the chemical analyses, the DRI pellet product is high in iron content, but acid
gangue (SiO; and Al,0s), sulfur and phosphorus contents exceed normal specifications. It should
be noted that Ni is much higher than Cu or Zn. Lab 2 analyses seem to be closer to reality. From
concentrate to fired pellet, there is a slight decrease in iron content, decrease in sulfur, and
increase in gangue content due to binder addition, flux addition and oxidation of sulfides and
magnetite. Iron content increases and sulfur content decreases in the DRI reduced sample (HRD)
due to removal of oxygen and sulfur.

X-ray Diffraction (XRD) Analysis

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

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

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

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

Table 4. Phase identification of XRD peaks

Mineral (concentrate) Peliet HRD (DRI)
Score Phases Score Phases Sco Phases
re
82 | Magnetite, FesO4 23 | Magnetite 2 | Magnetite
55 | a~hematite, Fe,O; 89 | a-hematite
46 | Hematite, Fe,04 72 | Hematite
50 | Franklinite, ZnFe;O, 10 [ Franklinite
* 26 | Zingite, ZnO * 3 | Zmmcite * 1| Zincite
33 | Pyrite, Fe$S, 12, 16 | Pyrite
* 17 | Bravoite, (Fe, ND)S, * 10 | Bravoite * 8 | Bravoite
* 18 | Chalcopyrite, CuFeS, * 11 | Chalcopyrite
29 | Wustite
26 | Wardite,
NaAly(POy),(OH)4 2H,O
23 | Giniite, Fes(PO4)4(O11)3 12 | Giniite
2H,0
11 | Vivianite,
Fe3(PO4); 8H,0
49 | Bainite, ferrite, Fe

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

Mictoscopic Study

Samples for optical microscopy wete cast in a cold-mounting epoxy resin mould under vacuum.
The mounted samples were ground and polished using standard techniques. The polished
samples were observed using a Zeiss Observer Z1m optical microscope up to 1600X.

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

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

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

From the three samples in different processing stages, it is obvious that iron minerals in the
samples undergo transformation from Magnetite and Primary Hematite -> Primary, Secondary
Hematite and Wustite -> Ferrite and Wustite. Figure 3 shows an optical micrograph of pellet
fines particle containing portions of magnetite (dark grey) along with hematite (light grey).
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Figure 3. Microstructure of Pellet sample - residual magnetite (grey) with recrystallized hematite
(white) under plane polarized light (X1600).

SE ) ]

The same samples used for optical microscopic observation were used for Scanning Electron
Microscopy analysis. The molded specimens were fixed on an aluminum mount and coated with
4 thin layer of gold using a Denton Vacuum sputter coater (Desk 1V). The coated specimens
were exarmined under a JEOL-6060 scanning electron microscope. The Energy Dispersive X-ray
Spectrometry (EDS) was also done on the sample to obtain chemical mapping of the sample.

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

T I: T T

] 2 4 6
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Figure 4. SEM micrograph of magnetite grains with recrystallized hematite in Mineral sample

(with gold coating).
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Figure 5. SEM micrograph of pyrite grain in Mineral sample showing trace of Ni (with gold

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

Figure 6. Backscattered Electron micrograph and EDS point analyses of Mineral sample.

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

Conclusions
Mineralogical studies on the Mineral sample by optical microscopy and SEM indicated that
magnetite and hematite are the major iron oxide minerals with minor amounts of pyrite, and

chalcopyrite as sulfide minerals. XRD studies revealed magnetite as the major mineral with
smaller amounts of hematite, franklinite, pyrite, and apatite confirming the microscopic findings.
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Phosphorus is present in apatite, wardite, giniite and vivianite. Wardite disappeared in the Pellet
sample after treatment at high temperature.

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

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

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

1. Introduction

Under the microwave fields, materials’ dissipation of dielectric bodies would generate
thermal effect. Therefore, the dielectric constant and the dielectric loss factor are
closely related to materials’ ability of absorbing microwave energy—the larger the
dielectric constant and the dielectric loss factor are, the stronger the material’s ability
of absorbing microwave energy is, and the better the thermal effect would be[1-2]. In
order to research how to make reduced iron from iron ore fines by microwave heating
deeply and systematically, the test of raw materials’ dielectric constants and dielectric
loss factors are of the essence. What’s more, because a mineral’ conductivity is
influenced by its components and crystal structuref3], it is necessary to study different
materials’ different temperature-rising characteristics; hence such studies would
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2. Experimental

2.1 Equipments and measures

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

2.2 The chemical composition of iron ore fines
There two types of iron ore fines used in this research: concentrated Dahongshan and

millscale. The diagram below shows their chemical composition.

Table 1 The chemical composition of different types of iron ore fines (%)

ironore fine  TFe FeO Si0, CaO MgO ALO; MnO S

concentrated ) o0 5186 686 043 081 136 004 0024
Dahongshan

millscale 69.18 5360 284 144 0.62 0.64 0.63  0.020

Continou Table 1

iron orce finc P TiO; Pb Zn KO NayO loss Moisture

concentrated 3y s 0.004 0009 0056 0260 -154 580
Dahongshan

millscale 0.070 0.15 0.006 0.016 0.020 0.085 -- 1.40

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

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

c]:rﬁi Ash  Volatile S P Moisture Calorification Chas?zfsstlc
1% /9 9 ° 1% kg
% ( % % /% (! MI-kg slag/1~8
70.42 22.40 9.25 0.9 0.014 1.69 26.93 1

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

Table 3 The chemical composition of light-burned dolomite (%)

Ca0 M_&O SiOz A1203 S P

41.10 26.39 <0.5 0.038 0.016 <0.005
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3. Result and Analysis

3.1 Iron ore fines’ dielectric constants and dielectric loss factors

Fig.l shows the changing tendency of concentrated Dahongshan’s, millscale’s
and anthracite’s dielectric constant respectively:

(1)With the same frequency, millscale’s dielectric constant is the largest, and
the concentrated Dahongshan’s is the second largest, and the anthracite’s is the
smallest.

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

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

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

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

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

Fig.] The changing tendency of Fig.2 The changing tendency of

concentrated Dahongshan’s, light-burned  dolomite’s dielectric
millscale’s and anthracite’s dielectric constant
constant

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

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

P =2nfeg"E? D
In this formula(1), P is microwave power(the unite is W); f'is the frequency(the unite
is Hz); g,is a mineral’s vacuum dielectric constant, g, =8.85x10"2F/m;¢"is
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complex dielectric constant, reflecting the degree of dissipation of dielectric; E is the
electric field intensity (the unite is V/m).
Formula (2) represents dielectric’s ¢
e =¢'-ig" 2
In formula (2), €'is the real part of complex dielectric constant, reflecting dielectric’s
ability to bound charge.

dielectric’s complex dielectric constant € can be represented by dissipation
angle tand

g=tand = s_'
€

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

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

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

According to Fig.4, millsacle’s dielectric loss factor reduces as the frequency
increases, and the faster the frequency is, the smaller the changing range is. When the
frequency is 110MHz, the dielectric loss factor is 18.34.

Fig.3  Changing tendency of
concentrated Dahongshan’s dielectric
loss factor

Fig.4  Changing tendency  of
millscale's dielectric loss factor
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In Fig.5, anthracite’s dielectric loss factor reduces as the frequency increases.
When the frequency has reached 102918457.5Hz, its dielectric loss factor is 0. If the
frequency continues to increase, the dielectric loss factor’s value becomes negative.
When the frequency is 110MHz, the value is -0.46, which means that with the
frequency increasing, the absolute value of anthracite’s dielectric loss factor reduces
when the frequency is less than 102918457.5Hz while it increases when the frequency
is greater than 102918457.5Hz.

According to Fig.6, desulfurizing agent’s dielectric loss factor reduces as the
frequency increases. When the frequency has reached 102288987.1Hz, the dielectric
loss factor is 0. As the frequency continues to increase, the dielectric loss factor
becomes negative. When the frequency has reached 110MHz, the dielectric loss factor
is -0.58. In a word, with the frequency increasing, the absolute value of desulfurizing
agent’s dielectric loss factor reduces when the frequency is less than 102288987.1Hz
while it increases when the frequency is greater than 102288987.1Hz.

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

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

Fig.6 The changing tendency of
light-burned dolomite’s dielectric loss
factor

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

3.2 The temperature rising characteristic of materials in microwave field

Fig.7 shows concentrated Dahongshan’s and millscale’s temperature rising curse.
According to the graph, heated by microwave radiation, concentrated Dahongshan
and millscale have different points of inflection. After being radiated for 60 seconds,
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the temperature of concentrated Dahongshan reaches to 610°C. When the temperature
has rose to 800°C, the temperature rising speed slowed down. It takes 330 seconds to
rise to 1250°C, while millscale takes 855 seconds to reach the same temperature. As a
result, under the microwave field, both of concentrated Dahongshan and millscale
have good abilities of absorbing microwave, and the former one’s is comparatively
better.

Fig.8 shows anthracite’s temperature rising curse. According to the graph, the
curve'’s point of inflection is patent. Below 400°C, anthracite’s temperature rising
speed is slow. This results from the influence of anthracite’s Volatile matter and ash
content [8-9]. When above 400°C, it takes only 160 seconds for anthracite’s
temperature to rise from 400°C to 1250C. So anthracite is a kind of
microwave-absorbed materials. After being radiated for a while, anthracite’s
absorptivity becomes stronger gradually, especially when the temperature is above
4007C.

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

dr 1 eaA

- = e (27g 8 B - T*) &)
dt pC, v

In formula (3), T is temperature(the unite is K); t is time(the unite is s); g, is

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

Fig. 7 The temperature rising curve of Fig. 8 the temperature rising curve of
concentrated Dahongshan and anthracite
millscale

4, Conclusion

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

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

The rescarch also shows that rising to a temperature of 1250°C, concentrated
Dahongshan takes 330 second; millscale takes 855 second; anthracite takes 820
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second. What’s more, anthracite’s temperature-rising characteristic becomes stronger
as the temperature increases, and its absorptivity become stronger dramatically after
the temperature has rose to 400°C.

3. By understanding concentrated Dahongshan’s, millscale’s and anthracite’s

temperature-rising characteristics under microwave field can lay a foundation for
further research on how to make reduced iron by microwave heating.
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Abstract

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

Introduction

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

Experimental

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

Results and Discussion

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

Table 1 Size distribution (mm) of iron ores, mass%

Ore >10 810 5-8 3-5 1-3  0.7-1 02-0.7 0.038-0.2  <0.038

A 1.5 03 4.6 9.3 38 1.8 10.9 49.7 18.2
B 40 32 100 1L6 111 7.1 263 17.8 89
C 1.6 51 301 370 159 3.6 34 1.1 23
D 0.0 07 1.0 0.8 09 1.1 13.8 51.6 30.1
E 00 0.0 23 0.7 0.4 0.1 4.7 65.1 26.6
F 39 16 1L.1 125 116 538 15.7 28.4 9.4
G 00 04 0.2 0.2 04 04 3.9 55.1 394
H 0.0 0.0 0.0 0.0 0.0 0.0 0.3 61.5 38.1
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Table 2 Surface area and equivalent diameter of the particles below 0.2mm

Iron ores A B C D E F G H
Surface area m*/g 0.25 0.25 2.81 0.27 0.43 031 0.44 0.44
D(0.1) pm 11.09 1487 0.79 1045 6.90 1290 7.59 6.66
D(0.5) pm 4825 4195 4.63 4353 3450 5040 3890 36.48
D(0.9) pm 11398 9561 5037 102.70 87.10 109.40 9550 109.50
D(3,2) um 2359 2344 214 2230 1390 1920 13.50 13.56
D(4,3) pm 62.76 49.28 1632 5740 4630 56.60 4586 60.20

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

Based on Tables 1 and 2, the cumulative size distribution of the eight iron ore samples
are plotted in Fig.1, where samples D, E, G, and H are fine ores, sample C is a very
coarse ore, and samples A, B, and F are medium. The surface area of the iron ore
samples of a unit mass is calculated by Eq. [1]:
S=4mn-Yn;-r? (1)
where S is the total surface area of all particles of a unit mass, and ri is the radius
of the particles with different sizes. The number of particles with size ri can be
calculated by

m; 3

n =

@

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

s=xoi-2 3)

3
p 4mr}

The bulk and real density of the iron ore samples are shown in Table 3. The surface
area can be calculated according to Egs. [2]-[4]. The results are shown in Table 4,
where the medium particle size in the fixed size range is used. For particles <0.2 mm
and >10 mm, D (0.5) from the laser diffraction measurements and 15 mm are used as
the medium diameter in the calculations. Based on the calculations, ores E, G, and H
have a great specific surface area caused by the high fraction of small particles.
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Fig.1 Cumulative size distributions of the eight iron ore samples

Table 3 Bulk density and true density of iron ore g/em’

[ron ores A B C D E F G H
Bulk density 2.03 2.06 2.29 2.11 2.12 249 2.15 2.04
True density 4.14 4.09 4.62 417 4.65 4.54 4,15 4.02

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

Ar™dmax dm A B ¢ D E F G H
107 m em?/100g

<0.2 D{0.5) 20787.7 9409.5 9958.6 27743.7 39284.6 11069.1 35908.7 40344.7
0.2~0.7 045 356.3 851.8 98.7 437.0 148.1 421.4 121.2 10.8
0.71 0.85 313 120.8 54.7 184 22 818 6.4 0.5
1~3 2 282 81.0 104.4 6.7 2.8 69.8 26 0.0
3~5 4 345 42.4 121.0 2.7 26 37.7 0.8 0.1
58 6.5 10.4 224 60.6 21 5.1 20.6 05 0.0
8710 9 05 51 7.5 1.1 0.0 2.2 0.6 0.0
>10 15 14 39 1.4 0.0 0.0 31 00 0.0
Jotal 21250.2 10536.8 10406.9 28211.7 394454 117057 36040.7 40356.1
D(0.5) from Table 4

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

Table 5 Measurements of the iron ore by ASAP2020

Surface area (m%/g) A B C D E F G H

BET model 3.005 16460 1.182 3405 1.729 9.948 1611 2915
Langmuir modetl 4186 22928 1.654 4.686 2404 13.719 2260 4.102
Micropore area 0.181 0.699 0.086 0.657 0.123 2399 0.065 0.287

External area 2824 15762 1.096 2749 1.608 7.549 1.545 2627
Pore volume cm3/g 0.005 0.026 0.005 0.005 0.006 0.014 0.005 0.005
Pore size A 67.05 66.15 17372 6827 12734 6075 12508 65.68

Table 6 Shape factors of the sample

Factors A B C D E F G H

all particles (N.A./Cal.) 1345 14329 1096 982 412 629.1 429 657
all particles (N.A/L.D. <0.2mm) 11.1 61.6 04 102 37 241 35 59
<0.2mm (L.D./Cal.) 8.2 73 88 79 100 108 11.7 108
<0.038mm (L.D./Cal.) 6.4 54 70 6.6 8.1 81 9.1 89

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

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

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

If the average value of the specific area increase is assumed 6.5 times ((3+10)/2=6.5),
then the effect of the roughness on the increase in specific surface area can be
calculated roughly as 9.47 for sample B (61.6/6.5=9.47 from Table 10) and 3.70 for

sample F (24.1/6.5=3.70 from Table 10). According to the mathematical models, such
as Eq. [8], there are about 1--3 layer humps on the particles.

Fig.2 Morphology pattern of the particles
Conclusions

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

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

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

Introduction

Synthetic hydroxylapatite (HA, Ca;o(PO4)s(OH);) has a similar composition and structure to
biological apatite. Therefore, it has been safely and extensively used as an implant material
for bone substitute. However, synthetic HA has been used for a various applications including
medical or non-medical applications, such as matrices for drug release control, bone cements,
tooth paste additive, blood purification agent, monolithic implants or coatings on metallic
implants, packing media for column chromatography, gas sensors, catalysis and host materials
for lasers and luminescent materials, etc. [1-9].

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

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

Experimental Procedures
Synthesis of titanium-substituted apatites

Pure HA and Ag, Cu, Al, Ti-doped HA were synthesized with precipitation method [10].
Briefly, for pure HA synthesis, solutions of 1M Ca(NOs),-4H;0 and 0.6M (NH4)HPO4 were
separately brought to pH 11-12 with concentrated NH,OH. The calcium nitrate solution was
stirred vigorously at room temperature (RT), and the ammonium phosphate solution was
added dropwise into this calcium nitrate solution to produce a gelatinous precipitate. The
precipitated solution was stirred for 24 h at RT to form nano-grained HA.
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Reagent grade tetraethyl orthotitanate (Fulka), Aluminum Nitrate, Acid Boric, Silver Nitrate,
Copper Nitrate (Merck) were added into the calcium nitrate solution in appropriate proportion
to synthesis the substituted HAs. Dopant molar incorporation ratios for Ca ions were chosen
as 2 mol%. The stoichometric value of 1.67 for (Ca + Dopant)/ ratio was aimed to achieve in
the HA afier incorporation of dopant ions into Ca sites. Therefore, molar ratios of Ca ions
deliberately added 2 mol% less than that of required for pure HA into the precursor solutions
in order 1o compensate the difference with dopant ions. In other words, for 2 mol% dopant
substitution into Ca positions, solutions of 0.98M Ca(NO;),-4H,0 were used. The reaction
mixture was centrifuged and washed repeatedly to remove the unreacted ammonia. Next, the
sludge was filtered using a 0.2-pm filter paper to form a sticky cake, which was then dried for
at least 48h at 60C. Dried cakes were crushed and passed through a 200-mesh screen to
obtain a powder with particle sizes <75um in diameter.

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

Materials characterization

Lattice parameters (a and ¢) and phases present in the HA were determined with X-ray
diffraction (using a Philips type PW2273/20 diffractometer). The structure of HA is usually
considered to be hexagonal, with space group P63/m. However, there is evidence for a variant
HA structure that is monoclinic, with atomic positions that are close to those of the hexagonal
structure. For our present purpose, we will consider the structure of HA to be hexagonal for
lattice parameter measurements. Cu Kradiation (A = 1.5406 nm) produced at 40 kV and 35mA
scanncd the diffraction angles (20) between 20and 70¢ at every 0.0% for 20 s. Diffraction
signal intensity throughout the scan was monitored and processed with JADE sofiware.
Changes were calculated by subtracting the values of lattice parameters a and ¢ of undoped
from doped HA formulations. FTIR spectra of sample powders were recorded at room
temperature on a PerkinElmer Fourier transform-infrared spectrometer using an ATR
attachment. Grain size and porosity of the pure and substituted hydroxylapatite samples of
this study were determined by SEM (Philips/FEI XILL30FEG SEM Electron Microscope
system). For the examination of the HA under SEM, it was etched in a 0.1-M lactic acid
(Sigma) and coated with gold at RT. Samples were examined at 20 kV. Linear intercept
method was used to determine the average grain size. Chemical analyses were performed on
the samples sintered at 110=C for 2 h with the same SEM system in conjunction with the
energy dispersive spectrometer,

Cytocompatibility tests;
Cell culture

Human osteoblasts (bone-forming cells; CRL-11372 American Type Culture Collection) were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO, Grand Island, NY)
supplemented with 10% fetal bovine serum (FBS; Hyclone) and 1% penicillin/streptomycin
(P/S; Hyclone) under standard cell culture conditions, that is, a sterile, 378C, humidified, 5%
CO2/95% air environment, Cells at population numbers 6-9 were used in the experiments.

Qsteoblast sdheslon
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All sterilized substrates listed in Table I were placed in 12-well tissue culture plates (Corning,
New York) and were rinsed three times with sterilized phosphate buffered saline (PBS; a
solution containing 8 g NaCl, 0.2 g KCl, 1.5 g Na,HPO,, and 0.2 g KH;PO4 in 1000 ml DI
water adjusted to a pH of 7.4; all chemicals were from Sigma). Osteoblasts were then seeded
at a concentration of 2500 cells/em2 onto the compacts of interest in 2 mL. of DMEM
supplemented with 10% FBS and 1% P/S and were then incubated under standard cell culture
conditions for 4 h. After that time period, non-adherent cells were removed by rinsing with
PBS and adherent cells were then fixed with formaldehyde (Fisher Scientific, Pittsburgh, PA)
and stained with Hoechst 33258 dye (Sigma); the cell nuclei were, thus, visualized and
counted under a fluorescence microscope (Leica, excitation wavelength 365 nm and emission
wavelength 400 nm). Cell counts were expressed as the average number of cells on eight
random fields per substrate. Typical osteoblast morphologies were also digitally acquired. All
experiments were run in triplicate and cell adhesion was evaluated based on the mean number
of adherent cells. Numerical data were analyzed using standard analysis of variance
techniques; statistical significance was considered at p < 0.05.

Results

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

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

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

The FT-IR spectrum of the doped are presented in Fig. 3. The bands at 1090 cm™, 1041 cm™,
and 960 cm™" were assigned to PO, > stretching [X—X]. There was a broadening of these in
sample B, which may be a crystallinity compared to other samples.

Cytocompatibility properties

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

Discussion
XRD results showed that all doped samples had similar crystalline structures as pure HA. All
doped samples showed a different lattice parameters and lattice volumes than that of pure HA.

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

Sample Ca P Al Ag Ti Cu B
reference {Mol.%) | (Mol.%) | (Mol.%) | (Mol.%) | (Mol.%) | (Mol.%) | (Mol%)
HA 10 6
Al 9.98 6 0.02
Al-Ti 9.98 6 0.01 0.01
Al-Cu 9.98 6 0.01 0.01
Ag 9.92 6 0.02
Ag-Ti 9.98 6 0.01 0.01
Ag-Cu 9.98 6 0.01 0.01
B 9.98 6 0.02

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

samples

. Cell

Sample o Grain N
reference a Aa ¢ Ac AV (%) Size (pm) f:(:ll;/ec s::zl;

HA 9,418 - 6,884 - 2 1490

Al 9,4091 | 0,0089 6,8881 | -0,0041 | -0,1332 18 1395

Al-Ti 9,4163 0,0017 6,9018 -0,0178 0,2183 3,6 2027

Al-Cu 9,4091 0,0089 6,8949 -0,0109 | -0,0345 8,1 2591

Ag 9,4049 0,0131 6,8785 0,0055 -0,3617 2,7 2730

Ag-Ti 9,3946 0,0234 6,8813 0,0027 -0,5374 4.1 2068

Ag-Cu 9,3946 0,0234 6,9361 -0,0521 0,2545 3,6 2487

B 9,4163 0,0017 6,9223 -0,0383 0,5170 4.1 3311
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Figure 1: XRD patterns of doped HAs: (a) Al, (b) Al-Ti, {c) Al-Cu, (d) Ag, (e) Ag-Ti, (f) Ag-Cu, (g) B

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

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

Introduction

Chromium is one of the most important alloying elements in manufacturing of
stainless steel that used at high temperature and corrosive environment applications [1,
2]. As the raw materials to be charged into the steel, ferrochromium alloys and charge
chromium are produced directly by smelting of chromite ore with the reducing agent
in submerged electric arc furnace (SAF). During the process, the oxides of chromium
and iron were reduced by carbon and meanwhile the electrical energy were consumed
[3, 4]. The ideal industrial process is to achieve high recovery level of Cr and Fe with
minimal power consumption. In SAF process, the electric resistivity of charge stock
has significant effect on the current distribution, which determines the heat
distribution, molten bath structure and chemical reactions in the furnace. High
resistance of the charge is desired to reduce the current distribution through the charge
stock, thus the electrodes may insert into the charge stock with proper depth to form a
high temperature arc heat source, and proper smelting can be realized[5].

China is lack of chromite resources, many companies have to import kinds of fine
chromite from other countries all over the world. The electric resistivity of chromite
changes a lot with the mineral constituents, chemical composition and particle size,
etc. In this study, the effect of particle size and the specific contact area of the
particles on the electric resistivity were investigated at room temperature.
Furthermore, the relationship between the electric resistivity of the mixed particles
and the volume fraction of lump ore to fine ore was also studied.
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Experimental

Conduct Mechanism

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

8 = Dz’e’n/ KT (1

Where 2 (m?s!) is the diffusion coefficient, zis the valence of the conducting
specics, € is the charge of the electron, 77 is the concentration of the conducting
species, K(J.K™") is Boltzmann constant and 7°(K) is temperature. Since diffusion is
a thermally activated process, the electrical conductivity of minerals is classically
expressed as [6-8]:

_E
§=20g K

vl

In equation (2) J, is the preexponential constant and £ (J.mol") is the activation

energy. In practice, the 1/7 factor in the preexponential term is often omitted when

direct measurements of ¢lectrical conductivities are performed{6].
Experi ri heme

The composition and mineral phase of the four kinds of chromites used in this study
are shown in Table 1 and Fig.1. The main mineral phases in the chromites are similar,
these mineral include MgCrOs, Fe304, MgFeAlOs, (Mg,Fe)(ALCr)204,
(Mg,AD(Si,Fe)a0,0(0H)s. In order to study the effect of particle size on electric
resistivity, the chromite was screened to different size range. In this study, four kinds
of chromites were investigated.

Table 1 The composition of the chromite ore
Composition/% TFe Cr,0; MgO Ca0 SiO; AL O; Cry,Q3/FeQ

Ove A 10.6 42.8 17.5 0.63 8.0 10.6 31
Ore B 110 38.6 20.1 0.61 8.8 104 2.7
Ore C 17.9 378 10.3 0.74 8.1 152 1.6
Ore D 9.4 41.5 21.2 074 10,0 62 34
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Sample C has the highest total Fe among the four samples while the other three are
barely the same. The ratio of Cr,O3/FeO of sample D is maximum, and that of sample
C is minimal. For the mineral phases in the samples, sample A and sample C are
similar; while sample B and sample D are similar. The sample A and C contains a
little Alx(Fe,Cr)4Os, Fey(CrO4)31H,0, respectively; and sample C and D has a little
Mga(Si205(OH)4).

Experimental Apparatus

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

R=pL/S 3)

where R(Q)is electric resistance, 0 (Q 'm)is electric resistivity, L (m)is height of
the stock column, S (m?)is the cross-sectional area of the stock cotumn. So the siope

of the fit line of Rand L/Sisp.
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Fig.2 Apparatus for the measurement of electric resistivity of minerals

Results and Discussions

Effect of Particle Size on Electric Resistivity

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

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

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

Fig.4 The relationship between electric resistivity and particle size

The effect of particle size on electric resistivity owes to the contact resistance, which
in turn is determined by the contact area between the particles. Thus, it is essential to
investigate the influence of the contact area between particles on the electric
resistivity. In this study, total specific surface area of chromite particles for unit
volume was defined to characterize the contact area. The average particle size was
used to calculate the specific surface area of chromite in unit volume. The shape of
the particles was considered as spherical.

It can be obtained From Fig.5 that the electric resistivity decreases with the increase
of superficial area. The influence of contact area between particles on electric
resistivity is obvious. The relationship between electric resistivity and superficial area
of unit volume chromite can be expressed as follow,

vy =Axexpl-x/t)+ y, @)

In equation (4)A, f, y, are constant, yis electric resistivity, xis superficial area.
Equation (4) can be written as Equation (5) based on Equation (2):

p=p xexp(-x/t)+ p, )
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In Equation (5), p, p,, P, may be interpreted as total electric resistivity, maximum
contact resistivity and mineral characteristic electric resistivity respectively. The
results show that p, and p, are different for the different chromites, this is due to

the contact resistivity depends on surface microstructure of particles and mineral
characteristic electric resistivity depends on chemical composition and material phase,
etc.,

Fig.5 The relationship between electric resistivity and superficial area

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

Effect of Volume Fraction of Lump and Fine

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

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

Conclusions

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

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

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

Introduction

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

During mining, transportation and handling the manganese ore is broken up into different
size fractions. The larger lump are used directly in the electric arc furnace, but the finer
materials can not be added without treatment. The fine ore can disrupt the flow of CO
and CO; gas through the burden, subsequently reducing the degree of pre-reduction.

_ The fine fractions must therefore be agglomerated into larger lumps, in order to promote
gas flow. This can be achieved through a number of different processes. The agglomerate
used in this work has been sintered, which means that is has been partly molten and
reduced, in order to create bigger lumps.

Experiments
XRD

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

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

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

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

Sample coke* Quartz* dolomite* Temperature
D1 25 0 25 1370
D2 25 0 25 1450
D3 25 0 25 1510
D4 25 0 25 1570
Q1 25 35 0 1300
Q2 25 35 0 1390
Q3 25 35 0 1460
Q4 25 35 0 1500

*Per 100g of sinter

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

XRD

The Gabonese ore contained around 30% nsutite (MnOz_,OH,) and 53 % cryptomelan
(K;MngOs6) in addition to 12% of pyrolusite (MnO;). The same composition was
reported by [2]. The sinter consisted of around 45% of distorted hausmannite (Mn3;0,).
22% of tephroite (Mn25i0,) and 10% of manganosite (MnO). Also there was 16 % of
an undentified amorphous phase. In heat treated Gabonese ore (1200°C for 4 hours in
CO atmosphere) Sorensen et al. found 9.4% of an unidentified phase.

Induction Furnace Experiments

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

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

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

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

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

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

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

(a) (b)

Figure 2: Ternary phase diagrams of MgO, Si0,, CaO and MnO from [4]

EPMA Analysis

EPMA was used to analyse green sinter.Hausmannite is found as a light phase with
straight edges and sharp corners. The Manganosite was found closer to the edge of the
sintered particle and had rounder sides and edges. The hausmannite and manganosite
particles were separated from each other by a tephroite matrix which is the medium gray
phase in the figure. The last phase, which could be the amorphous phase found in XRD,
is 8 mixture of a dark phase and a dendrittic or lamellar light phase. Overall these two
phases contain a high amount of potassium and some barium, indicating that the dark
phase could be (kalsilite, kaliophilite( K A1Si0O;)) and the light phase barium oxide.

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

From the phase diagram it can clearly be seen that the melting point in (Mg,Mn)O in-
crease considerably with increasing concentration of Mg. The phase diagrams 2(a) also
shows that the olivine containing MgO has a higher melting point than tephroite. This
indicates that MgO is important for the increase in melting temperature, and detrimental
for the grain size of the solid MnO phase.

150



(a) SEM image of the interface be- (b) Interface between slag and
tween sinter and quartz at 1200°C. dolomite. The dolomite is
placed on top.

Figure 3: Melting of sinter and dolomite.

The interface between quartz and sinter differs from the gradual composition change
of the dolomite/sinter interface. Several different phases can be identified in the in-
terface using EPMA. A SEM image from the interface between quartz and sinter is
shown in fig 3(a). The phase closes to the quartz has the chemical composition of
thodonite((Mn, Fe, Mg, Ca)SiO3) with mainly Mn. Between the rhodonite and MnO/SiMn
slag, two phases can be seen; a dark phase with composition close to that of spessar-
tine (Mn3Al>Si30is), and a light dendrittic phase with the composition of tephroite.
The dendrittic structure indicates that parts interface zone was liquid at high tempera-
tures, and solidified into rhodonite, tephroite, and kalsilite/kaliophilite.The spessartine
is enriched in aluminium, subsequently leaving the slag close to the MnO phase low
in aluminium. The interface between quartz and sinter can also contain a phase rich
in potassium. The composition of this phase in sample Q2 matches the composition
of kalsilite(K AlSiOy4) and its high temperature polymorph kaliophilite. The presence
of kaliophilite was predicted by Sorensen et al.[2] in Gabonese ore at 1000°C in CO
atmosphere using factsage.

Modeling

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

fw ed
6; = kl,redA(t)(aMnO - aMnO(eq)) (1)
The rate constant is estimated from an Arrhenius equation:
—-E
kl,red = k‘O,redexp('-_R?l) (2)
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whero Kpreq is & constant dependent on the ore, —E, is the activation energy for the
reduction, R is the gas constant and T the temperature. The area of reduction can
be estimated by the amount of partly molten ore, since the contact area between solid
particles are small. The amount of partly molten ore can also be expressed:

6wsoft
ot

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

= K150t W0 3)

—E.
kl,soft = kO,aofterp(*ﬁsz) (4)

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

a(t) — l _S_P 6wsoft

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

dt ()

l 6’(1]0 —Eg
Dore Dp /ko,safte.rp( BT )dt (6)

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

a(t) =

¢ The density of slag and ore is equal and constant during softening and reduction
¢ The ore particles are all spherical with the same diameter (15mm)

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

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

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

The values ko req, Kosose £1 and Ey were found by comparing the model to the experimen-
tul resulty, The values where fitted by minimizing the squares of the difference between
the model and experimental results.
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Figure 4: Comparison between model and experimental results

The values found for kg ,eq, kos05¢ E1 and E; is given in table 2

Table 2: Parameter for modeling of reduction and softening
Sample kO,soft EZ kO,red El
Gabonese sinter and quartz 7,00-1012 409 1,37-10" 350
Gabonese sinter and dolomite 2,50-10 485 2,40-10'' 395

Discussion

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

Comparing the parameters for the modeling with those obtained by Slizovski et al. it
is clear that adding dolomite will change the parameters ko 07: and Ej closer to that of
assmang ore, which is high in CaO, than Gabonese sinter. The values k, ,,s: and E; for
the experiment with quartz is close to those for sinter alone found by Slizovskiy et al.
The values found for kg ,.q varies more from those found by slizovskiy, but this could be
due to the fact that they had a fixed value for E;.

Conclusions

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

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

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

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

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

Introduction

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

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

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

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

Methodology

For the synthesis of spinels we worked with chromium and tron structures known as chromites and
ferrites. They were: ZnCr,Q,, FeCry0y, ZnFe;0, and CaCr,0,. These structures were synthesized by
different methods and had the following procedures:

Gel Citrate Method

We prepared two solutions: For the first solution were weighted 5.25g of Ca(NOs),.4H,0 (Merck)
99% purity, 19.23 g Cr(NO3).39 H;O (R-A Chemicals) 98% purity, and a solution was prepared in
distilled water. For the second one 9.04g of citric acid mono-hydrated (CsHsO/H,O Panreac) 99%
purity were weighted and dissolved in distilled water. The two solutions were mixed while stirring
until leaving to form a homogeneous mixture, the pH was raised to 8 with ammonia solution 26%, the
temperature was slowly increased until 80 ° C to the formation of a gel. Temperature was slowly
increased until self-combustion reaction occurs at 175 ° C. Finally, the obtained powders were milled
and calcined at 700° C for 6h.

ipitation Assis ragound,

Raw materials used were iron FeCl; 4H,O 63% (Panreac). zinc ZnCl, 97% (Carlo Erba) and
chromium chlorides CrCly.6H,0 97% (Merck) as precursors, These salts with an aqueous solution
were prepared using distilled water at a temperature of 70°C. This solution was added drop wise to an
aqueous solution containing NaOH, 99% (Merck), for pH regulation with respect to pH, KNO; as
oxidizing agent, 99% (Mallinkrodt), also at a temperature of 70°C with vigorous stirring and
permanent for several minutes. The solution was carried to the ultrasound machine and leaves it for an
hour, then allowed to stand a few minutes and proceeded to vacuum filter. The precipitate is washed
with water and ethanol to remove soluble salts and filtered again; this proceeding was done repeatedly
until no treces of salts. We proceeded to dry in an electric oven at temperature of 95-100°C for 12
hours and finally subjected to a heat treatment for 8 hours at 800°C. The ramp was made to a scale of
5°C per minute.

Pechini Meth

Citric acid (18g, Carlo Erba) was weighed and was dissolved in distilled water at a constant stirring,
then slowly increases the temperature between 60 and 70°C. After 13.54g was added iron chloride
(Carlo Erba). A salt of Zn (5.65g, Carlo Erba) was added, these cations are complexed with citric
acid. The dissolution of the salts increase the temperature to 90°C then it was added 12 g of ethylene
glycol (Carlo Erba) to perform the polyesterification reaction. The reaction was terminated with the
formation of a transparent resin. Subsequently, the resin is heated to 300°C for lh (primary
calcination) allowing partial decomposition of the gel forming polymeric resin and expanded material
consisting mainly of semi carbonized. After the first calcination the organic wastes rich powders were
fired at 900 ° C for 6h.

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

To observe the morphology of the samples we used a scanning electron microscope JEOL model 5410
mark by retro projected signals and secondary electrons. The reflectance spectra and colorimetric
coordinates were measured with a spectrophotometer UV VIS IR Glacier TM X with lineal
arrangement CCD, range from 200nm to 1025nm, using an illuminant D65 CIE and the ASTM
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E1349-06 [16], standard observer CIE 1964 and geometry 0°:0°, software is BWspec 3.26. In Table 1
is shown the nomenclature and the conditions of preparation of the samples that were characterized.

Table 1. Nomenclature and condition of samples.

Results and Discussion
Gel Citrate Method

Figure | shows the phase formation CaCr,O, through gel citrate method, there is a high purity of
phase, there are peaks corresponding to low intensity Cr,Os.

Figure 1. CaCr,O4 XRD

SEM results shown in Figure 2, note that a 10000X is possible to see some small and regular particles.
Particles are clearly distinguished and also shows a good homogeneity.

Figure 2. SEM for CaCr,0,. 10000X

Figure 3 shows the diffuse reflectance spectrum for CaCr,O,, it shows a reflectance band
characteristic of green (510 - 550 nm).
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Reflectance spectrum for CaCr,O,.
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Figure 3. Reflectance spectrum for CaCr,O,.
cipitation i r nd,

Two structures were prepared by this method ZnCryO, y FeCr,O,.

Figure 4 shows crystalline structure of ZnCr,O4 without secondary phases. Peaks are adjusted at
similar intensity. It means that this method is correct to obtain this structure.

Figure 4, Indexed peaks of ZnCr,0,
SEM results shown in Figure 5, note that a 5000X is possible to sce different crystals and some small

particles that may be traces of salt that was not removed. Particle size distribution is about 1 to 3
micrometers. Particles are clearly distinguished and also shows a good homogeneity.

Figure 5, SEM for ZnCr,0,. 5000x
Reflectance curve (Figure 6) shows that has a reflectance maximum of 20% and most notable peaks

of the curve are at 450 nm, a maximum in 530nm and another at approximately 630nm, indicating that
the predorninant colors are green and yellow respectively.
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In Table 2 is shown colorimetric coordinates. It shows that the coordinate a* is negative which
indicates a hue green. Coordinate b* is positive, it means yellow, thus resulting in a grayish hue that is
shown in Figure 7.

Figure 6. Reflectance spectrum for ZnCr,0;.

Table 2. Colorimetric coordinates L*a*b* ZnCr,0,.

Figure 7. ZaCr,0O4 pigment

Figure 8 shows the peaks of the diffractogram FeCr,O,. There are two main crystalline phases, tron
chromite and Feg,Cry 30s.

Figure 8. Indexed peaks of FeCr,0,

In Figure 9 is possible to see that there is formation of agglomerates, they show that has a
homogeneous chemical composition.
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Figura 9. SEM for FeCr,04. 5000X

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

but covers them ail.

Figure 10. Reflectance spectrum for FeCr,0,.

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

Table 3. Colorimetric coordinates L*a*b* FeCr,O,.

Figure 11 shows FeCr,O, pigment obtained by coprecipitation assisted by ultrasound method.

Figure 11. FeCr,O, Pigment
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Pechini Method.
Figure 12 shows the diffractogram for the pigment obtained by Pechini method at a temperature of

900°C. There occurs the formation of spinel phase ZnFe,O4 and the phase formation hematite Fe;Os,
which have a maximum of intensity characteristic of the spinel to 26=35°.

Figure 12 XRD for ZnFe204 Pechini method at 900°C

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

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

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

Figure 13. SEM of ZnFe;04 5000X

Figure 14. Reflectance spectrum for ZnFe,Os.
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Table 4. Colorimetric coordinates L¥a*b* ZnFe,0,.

Conclusion

By using the coprecipitation assisted by ultrasound method get chromites of zinc and iron with the
right stoichiometry and structure, although in iron chromite there is a formation of a second
crystalline phase and agglomeration occurs more than in the zinc chromite. CaCr,Q4 phase was
obtained through the gel citrate method lower temperatures than required with traditional method.

ZnFe;04 ceramic pigment with spinel structure was obtained by Pechini method which shows that
with the alternative method results in a good homogeneity in chemical composition. On the Pechini
method is also observed regularity in particles, but at 900°C results in a well-defined morphology and
no agglomeration.

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

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

Introduction

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

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

Cellular ceramic materials with 10, 20 and 30 pores per linear inch (ppi) tested in this work were
supplied by Technicer, SP-Brazil. Samples were disks with a diameter of 30 mm. Mechanical
tests were carried out in specimens with dimensions of approximately 30 mm>15 mmx10 mm at
room temperature, The ceramic materials were also coated with a suspension containing Li;O+-
Z1Ox+ 810, in order to improve the mechanical properties. Strength values (average five bodies
for cach value) were measured with a universal testing machine (Zwick-Roell) in four-point
bending tests at a constant cross-head speed of 0.5 mm/min.

Crystalline phases were identified by X-ray diffraction (Shimadzu XRD 600) in the 26 range
of 10 1o 90° with a 20 scanning tate of 2° min™', The cell geometry and the macrostructure of the
ceramic foams were characterized by optical camera and the struts and the fracture surface were
observed by scanning electron microscope (Schimadzu).

Pormeability parameters were evaluated from airflow rate versus pressure drop measurements
using the following equations:

(Pi=Po)/ @PoL)=(n vs)/ ki + (pvs) / ka (1)

Where P, and Py are the absolute air pressures at the entrance and exit of the sample,
respectively; v, is the superficial fluid velocity; L is the sample’s thickness and p is the air
density. The k; and k; values are known as Darcian and non-Darcian permeabilities, in reference
to Darcy’ law,

Results and Discussion

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

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

Nominal pore counting ki [107 m? k2 [10° m]
(ppi)
10 9.42 6.20
30 2,71,. 1.90

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

Figure 2. X-ray diffraction.

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

process realized in the ceramic materials has caused an increase in the strength values.
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Figure 3. Flexural strengths values.

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

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

Conclusions

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

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

Introduction

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

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

Results and Discussion

Table 1 gives the chemical composition of the attapulgite investigated in this work.. The
attapulgite is very similar to other clay materials and shows the expected typical composition:
rich in silica and alumina (minor contents of Mg, Ti, Ca, Na and K oxides), accompanied by 5.1
wt. % iron oxide.

Table 1. Chemical composition (wt.%, XRF) of the attapulgite material investigated in this work.

§i0; ALO, Fe0; K0 Ca0 Na;0 TiO;, MgO BaO P05 SO,

Attapulgite 677 129 5.1 54 06 0.2 1.0 02

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

Figure 2 shows the thermal analyses of attapulgite. The material shows some weight loss that

could be associated with water loss, adsorbed water loss, structural water loss and volatile
elements.
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Figure 1. X-ray diffraction pattern of attapulgite.
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Figure 2. Thermal analyzes of attapulgite.

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

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

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

Three Dimensions Of Microstructures

Since the invention of steel, craftsmen, inventers and engineers tried to improve its properties
and tailor them to the requirements of new developments. For systematic development and
enhancement of steels, the capability to investigate its inner structure is highly important,
because it represents the linchpin between matenial production

and properties. By having an in-depth understan‘:!ing how \%’\);va\)(;%%
production conditions form the microstructure and also how the X

microstructural state determines the material properties, steel "va"""&."
design can be drastically improved. With this knowledge, ‘&I’A'm.'&‘!.lﬂ"l'l'
microstructures can be designed to provide target material - o “' e

properties and process conditions can be identified that form
these structures. Due to the key role of microstructure, the AT
capability to gain accurate information about it is Flgure I .ZD cur through an
indispensable. It is the task of metallography to access and Unknown simple 3D structure
extract descriptive quantitative microstructural data like fractions, sizes, shapes and distributions
of the different constituents. The most commonly used investigation tool in metallography is the
light optical microscope (LOM). Besides this tool, additional high resolution techniques like
Scanning Electron Microscopy (SEM) or Transmission Electron Microscopy (TEM) have
become increasingly important. With these and other available methods, extensive information
on the microstructural state of a material can be gained. Unfortunately, most metallographic
methods have a major loss of information systematically built in. Analyses of microstructures are
usually performed on surfaces, i.e. on 2D areas that emerge by cutting through the 3D material
structure. This means, a complete dimension of information is not taken into account. How
serious this reduction of information is and how it can affect interpretation of structures is
exemplarily demonstrated in figure 1, which displays the planar structure emerging from a
random cut through a simple 3D structure. It is very difficult to deduce or even imagine the
original spatial structure from which this projection emerged and it is impossible to reconstruct it
with absolute certainty without further information. The image has emerged from a random cut

’(\/\ ‘/\X\/‘\}’)\'V\Y\’(
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through a 3D structure of stacked cubes that is displayed in figure 2. The arca shown in figure |
is outlined. Although artificially constructed, this example demonstrates how distorted and
misleading the view on structures can become by

ignoring a spatial dimension.

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

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

3D Analysis Techniques

Serigl Secrioning With LOM

A straightforward approach to access the 3D microstructural features of a steel grade is "serial
sectioning” which means to investigate the microstructure at the same sample spot in different
depths by a stepwise removal of material layer between analyses. The resulting 2D image series
are then combined with the depths data to provide 3D-information. For serial sectioning with
LOM, material is usually removed by polishing and the microstructural constituents are
contrasted by etching. Images are taken with a digital camera and afterwards analyzed by
differentiating the colors of the constituents [2]. The distances between the layers can be
measured by utilization of a Vickers hardness indent. This indent has the shape of a pyramid
with a square basis. The angle between two opposite faces is 136°. The depth h of an indent can
be calculated by the formula h=d/2*tan(c) with «=15,994° and d as the length of one diagonal
[3]. In order to convert the 2D information layers into a 3D-data set, the images have to be
cxactly aligned to each other and stacked [4]. The free space in between the analyzed layers has
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to be assigned to microstructural constituents. Usually, this is done according to the layer above
or below.

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

Serial Sectioning Using FIB

Other popular approaches to serial sectioning employ a focused ion beam (FIB) for removing
material layers of constant thickness by ion sputtering. This technique can for instance be
combined with FIB-microscopy. In alternating sputtering and image taking steps, a series of
images through a volume can be produced [9]. FIB-sectioning can also combined with other high
resolution microscopy techniques - the most common approach is a combination with Electron
Backscatter Diffraction (EBSD) measurements, which provide extensive crystallographic
information for each measurement point [10]. The advantages of these approaches are their
precision and the possibility to perform automated measurements. They also provide very
consistent results and, in case of EBSD analysis, extensive microstructural data. The main
drawback of these 3D analysis methods is the speed of data acquisition. First, the material
removal is time consuming. Zaefferer reported a time consumption of about 15 minutes for each
removal of a 20 x 20 x 1 um® material volume by FIB sputtering in a low alloyed steel sample
[11]. The measurement process consumes additional time, especially for EBSD measurements. A
compromise between investigation volume size, measurement resolution and resource
consumption including time has to be found. For an investigation volume of 30 x 20 x 5 pm?®
with a resolution of 0,1 x 0,1 x 0,1 um?® (i.e. 50 slices), a measurement time of about 30 hours is
reported [12]. This shows that covering a statistically significant investigation volume with
sufficient resolution can consume enormous resources. Additionally, a high level of expertise is
necessary for effective measurements and correct interpretations of the data. For these reasons,
3D-EBSD at the moment does not have the potential to become a widespread analysis technique,
but because the data gained are extensive, it is an excellent tool for information focused
microstructural analyses of selected cases. Rowenhorst for instance investigated the 3D-shape of
martensite crystals in a high-strength low-alloy steel [13] and Zaefferer investigated a variety of
special microstructural configurations like the lamella structure of pearlite, nanocrystalline NiCo
deposits and fatigue cracks in aluminum [12].
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Other 3D imaging methods are available, but they do not meet the requirements for
"micro"-structure analysis. One technique is 3D Atom Probe, which can detect type and position
of distinct atoms within an investigated material volume. Because measurements are performed
on atomic level, this method is not applicable for structure analyses on a microscopic scale [14].
Another technique is X-ray computer tomography. X-ray projections from different angles
provide information on position and density of absorbing structures in an investigated sample,
which can be combined to reconstruct the 3D-volume. The high X-ray energy necessary for the
examination of metallic materials results in a focal spot of a few micrometers at minimum. This
is too large to identify grain boundaries and therefore proper microstructural analysis is
impossible [15].

Experimental Procedure

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

Table I: Investigated stee! grades

Microstructure Etchand EE" Magnif. | Volume/pm? | 1xwxh/pm® | O layer distance
Steel 1 Terrfie-martansite Nital 48 1m 88.000] 77x 62x18 0,3 ym
Stee) 3 bainite-martensite | Nital 75 §00x| _ 1.770.000] 230 x 165 x 47| 0.6 pm|
Stee] 3 austsnite-carbides | Kiemm 71 500x; 880.000] 171 x113x 45[ 0,8 ym

3D metallographic data were acquired with LOM
by repeated removal of surface layers from the
sample by manual polishing with 1pm-diamond
paste and metallographic analysis of the emerging
new surfaces. The distances between the analyzed
surface layers were determined using a Vickers-
hardness-indent (HV1). For steel 1, the indent
depths were determined for each layer in two
ways: 1* by measurements of the indent diagonats
and using the formula given above and 2 with a
confocal microscope, which allows surface
topography measurements with a precision of 2nm
Figure 3: Steel 1, layer 23: in vertical direction [16]. A new indent was set
original image (b/w) and phase-1D layer after each four images, because edges and surfaces
of the indents became blurred by etching and
polishing, which hampered measurements. The 2 depth measurement data sets were evaluated in
comparison to each other (see the discussion section). For steels2 and 3, only diagonals
measurements were employed. Measurements were also performed for each layer. Afier each
polishing step, the microstructure was contrasted by etching with 3% alcoholic HNOj3 dilution in
case of steels | and 2. For contrasting the V-carbides in steel 3, Klemm color etching was used.
The digital images were taken with a Leica DM 2500M light optical microscope at a
magnification of 1000x (resolution: 2048x1536 px) for steel 1 and 3 and 500x (resolution:
2560x1920 px) for steel 2. A sample adapter was used to minimize rotation of the sample and to
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ensure high congruence of the imaged areas. These steps were repeated the number of times
listed in table 1 for the different steels. The digital images were processed using the free "GNU
Image Manipulation Program” GIMP, version 2.6.7. They were manually aligned to each other
and cropped to the largest area covered by all images. White balance and contrast of the images
were adjusted for better results. For steels |1 and 3, the two present phases were separated using
GIMP, creating phase-ID layers for all images with unambiguous assignment of areas to distinct
phases as shown in figure 3. Utilizing a combination of the phase-ID layers with the distance
data, virtual models of the phases could be reconstructed for steels | and 3 by developing
appropriate routines in MATLAB. The details of phase separation and model development are
not explained here, because this would be beyond the scope of this article.

Results

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

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

Figure 5: Steel 2 - image Figure 6: Steel 3 - image stack (1.), reconstructed carbides (r.)
stack

Discussion

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

Distance Measurements

For steel 1, the layer distance data were acquired with two different techniques for comparison.
The first was usage of a confocal microscope, which is capable of surface topography
measurements with a precision of 2nm in vertical direction. The second was calculation of the
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indent depths from the indent diagonal
lengths. The graphs in figure 7 show the
averaged results of the two methods for
the distances in steel 1 in comparison. The
values clearly deviate due to several
influences, which distort the two
measurement techniques. The confocal
microscope measurements were hampered
because the measurement software can’t
automatically detect the deepest point of
the intent. The manual detection leads to
Figure 7: Surface removal failures in the range of 0,1 um for each
measurement. Additional difficulties were
introduced by noise, which often occurs near the indent tip and hinders a correct depth
determination.

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

The described effects can explain the deviations between the two depth measurement
approaches. Apparently, for the indent-diagonals measurements, the distance increasing effects
of the material springback and the indent bulge are dominant. These and the distance
measurement failures during confocal measurement are the source of the deviations between the
two approaches. The method using the confocal microscope is considered to be more accurate,
but the diagonal measurements are much easier and faster to apply and the time saving is very
high. This method was therefore applied to steels 2 and 3 with correction factors for the angle
and bulge effects.
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Image Analysis
In order to access the 3D information in multiphase steels, accurate and consistent phase

detection is essential. For LOM, the standard method for phase differentiation is color-
thresholding. For highly contrasted phases like for steels 1 and 3, this approach usually provides
sufficiently accurate results for single images. But for complete image series, this approach
comes to its limits, because contrasting of microstructures based on etching is not a highly
reproducible procedure. Afier etching, each image appears somewhat different in terms of color,
brightness, contrast, shadows et cetera. This translates into little variations of the phase detection
results. While this is no problem for the analysis of distinct image, in a 3D-stack the information
in the image layers are mutually dependent and analysis inconsistencies can drastically decrease
the quality of the final result. Standard color-thresholding is not capable to provide the required
high level of consistency. Therefore, phase detection for steels 1 and 3 was performed with
advanced image manipulation tools and techniques. The freeware tool GIMP was used for all
necessary steps - alignment, quality improvement and phase separation. Sufficiently accurate and
consistent phase separation was achieved for all images.

3D Results

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

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

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

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

Conclusions

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

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

Introduction

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

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

Zabsorber — Lair|*
a=1-R=1-|rj}=1- 220 Zar 1
I I ZabsoTbeT + Zair ( )
The impedance Z of air and an absorber with infinite thickness is according to [12]:
Zair = pc and  Zgpsorber = p(‘\/__ (2)

Tonfx 27rf PX
where j is the imaginary unit, p the density of air, ¢ the velocity of sound and f the frequency
of sound, Therefore, impedance and sound absorption are only dependent on the frequency
and on three material properties:

1. Porosity o = L‘j’: <1
V), acoustic effective volume of pores meaning only volume of open pores
V4 bulk volume of absorber

2. Structure factor x = ‘{,1; >1
Vi air volume of compression
Vg air volume of acceleration

3. Flow resistivity Z = —;—51;
Ap pressure drop
v velocity

Az distance

For minimum reflection B — 0 of absorber, the impedance value of the absorber must
approach the impedance value of air:

=)
.\[_ — e if 1, 1L, \f1-je—
pe 27rf pe if x—1, e -1, ]27rfpx -1 (3)

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

2
* K [ —_—
ot =k |2 |\[1+ (wpx) 1 (4)

where k is 8 constaut. If the coefficient of absorption o* — 0o, the dissipation is maximum.
Therefore, flow resistivity = — oo and porosity ¢ — 1 for optimal dissipation properties.
The result is an optimization problem for the value of the flow resistivity, since, the flow
resistivity must be low enough that sound is not reflected by the material, but high enough
that sound is sufficiently dissipated. Meaning on the one hand that open pores are necessary
for acoustic absorption and on the other hand that there is an optimum pore structure for
maxittim absorption.

186



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

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

Sound Absorption of Metals with Open Porosity

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

Characterization of Pore Characteristics

For the characterisation of pores, microscopy images are taken after sample preparation
including embedding samples into a polymer, grinding and polishing to generate smooth
surfaces. The image must show a representative area of the sample containing a reasonable
amount of pores, while details still contain a sufficient amount of pixels and resolution to
guarantee a clear differentiation between ligaments and pores, see Fig. 2(a-d).

Since the porous material is not perfectly homogenous, several images were taken and the
results obtained by image processing were averaged. To generate a black and white image,
the original images are binarized exemplarily shown for the metal sponge; see Fig. 2(e).
The generated image contains image noise resulting from the image acquisition. Therefore,
a smoothing routine is applied to remove areas of less than ten connected white pixels in
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Figure 2: (a)-(d) Light microscopy images of absorber materials; (e)-(f) following steps of
image pre-processing for the line segmenting method

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

Line Segmenting Method

The principle of the line segmenting method is that black and white images, like Figs. 2(f)
or 3(a), arc supcrimposed with a lattice of parallel lincs with a defined spacing, usually onc
pixel. This grid is rotated in discrete 1°-steps from 0° to an angle of 180°. Due to symmetry,
the full 360 need not be analysed, since, a grid rotated by 180° gives the same transitions.
Along the superimposing lines, all phase transitions, i.e. transitions from a black to a white
pixel or vice versa, are detected. In Fig. 3(b), the transitions are marked with a grey "+”.
Afterwards, all segment lengths within each phase are summed up for every angle. Finally,
the arithmetic average segment length  and the sample standard deviation s are calculated:

n

]

‘z*z;—ni (5)
n ,_*2
o= (©)

i=1
where x; is a single segnient length and n the amount of all detected segments per phase at
one angle. The calculated average segment lengths are plotted in a polar coordinate system
forming n microstructure ellipse for cach phase (sce Fig. 3(c)). Duc to symmetry, a half
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(a) Structure in detail (b) Detection of phase transitions (c) Microstructure ellipses

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

ellipse contains all information. Consequently, the half ellipses representing the white phase
or metal ligaments are plotted on one side and the half ellipses representing the black phase
ore pores on the other side. The measured values are visualized in this way in order analyse
the ellipse’s shapes or the scattering of different measurements within one material. If the
ellipses are circular, there is no preferred orientation and the segment lengths can be aver-
aged for all angles resulting in the average pore size.

However, if the superimposed images are studied in detail, there are short segments resulting
from the digital or pixel based image processing, marked by the arrow in Fig. 3(b). Since
the phase boundaries are not along the pixel raster, they are, approximated by stepped
pixel formations. If such structures are superimposed by pixel based lines, virtual intersec-
tions occur due to the imperfect reproduction resulting in numerous short segments with
lengths of just a few pixels. To reduce the influence of the short segments resulting from
virtual intersections, a threshold must be used, defining the minimum segment length which
is included in the calculation of the arithmetic average segment length T and the sample
standard deviation s. The microstructure ellipses are based on the average segment lengths,
consequently the shape is highly dependent on this value. The higher the threshold value,
the larger the ellipses become since short segment lengths are neglected in the calculation of
the average length. Note, that the interface of the black and white phases is the same, ac-
cordingly the influence of virtual intersections is always higher in the phase with the smaller
phase fraction. Characterizing highly porous materials, the threshold value must be selected
accurately which is outlined in the following section.

Specifying the Threshold Value

The principle is that even if the superimposing lines are rotated, the analyzed structure stays
the same. Consequently, the black and white phase fractions should ideally be constant at
every angle. Without setting a threshold value, all segment lengths are included in the cal-
culation of the average segment length. For some angles with numerous short segments due
to virtual intersections, this means a noticeable reduction of the average segment. Since

189



Table 1: Material properties of metal sponges (MS), sintered flakes (SF) and sintered spheres
(8S); *information of producer; **values influenced by hollow struts

Material Alloy Porosity Cell / pore size* Average pore size
MS-50 Haynes Alloy 230 82% n/a 121+ 9um
MS-450 NiFe22Cr22Al6 90% 450 £ 45um 380 £ 19™um
MS-580 NiFe22Cr22Al6 92% 580 £ 60pm 445 + 18" um
MS-800 NiFe22Cr22Al16 94% 800 £ 80pm 538 £ 58" um
MS-1200  NiFe22Cr22Al6 95% 1200 £ 120pm 656 £ 59** um
SF-7.9 Hastelloy X 20% 7.5+ 2.5um 8.6 £ 1.2um
SF-20 Hastelloy X 35% 20 £+ 5pm 22 & 2um
SF-115 Hastelloy X 50% 115 £ 15pum 113 £ 13pm
§8-25 CuSn12 30% 25+ 3um 25 + 2um
$S-80 CuSn12 25% 80 % 10um 80+ 12um

the impact on the phase with the smaller phase fraction is bigger, the phase fraction of
this phase is for some angles even smaller. If the threshold value is set too high, too many
short segments are excluded from the calculation of the average segment length, meaning a
noticeable increase of the average segment length. The result is that, the phase fraction of
the smaller phase is particular overestimated for some angles, since the impact on this phase
is bigger. Therefore, the ideal threshold is found, when the sample standard deviation of
the phasc fraction is minimal. Note, that the sample standard deviation is the same for the
black and the white phase.

To select the ideal threshold, the phase fractions fuack; and fuhite; of both phases are mea-
sured for each angle ¢ and then their standard deviation Spaer OF Swhite are determined as
follows:

Thlack,i Tuwhite,i

Jhack s = m———re—— and  fupite; = ————— W)
e Tohited + E'blar:lc,i et Tblack,i + Twhite,i

p——— Z:ﬁ({ fblnrk ] - E;E? fwhitp i
= sl g o Zi) Jubied 8
Jotack 80 Fuwhite 180 (8)

2 P |
J% (fblagk,i - ]black) % (fwhite,i - fwhite) (9)
2 179 % 179

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

Discussion

The relevant material properties in regard to sound absorption are porosity o, structure factor
x and flow resistivity =. In highly porous metals, as used in this work, the structure factor
x — 1 and can thus be neglected. The flow resistivity = is based on the pore characteristic,
eg. pore size and pore morphology. According to the law of Hagen-Poiseuille, the flow
resistivity is dominated by the pore size due to resulting internal friction. Therefore, it is
possible to correlate flow resistivity = and pore size in direction of flow. Note, that pore size
inversely correlates with flow resistivity =. In this investigation, the tortousity of pores which
also impaets the flow resistivity was not measured. The characterization was done using a
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line segmenting method for values see Tab.1. Comparing the pore size values measured
for sintered metals by the producer using a Coulter porometer according to ASTM E 1294
and the values measured by the line segmenting method, the results are in agreement with
each otler. For metal sponges, just the cell size was measured by the producer. The pore
sizes measured by the line segmenting method are smaller since it does not calculate the
pore diameter. Additional divergence between the two values results from hollow struts of
the metal sponges which are only included in the measurement using the line segmenting
technique.

In order to predict the acoustic absorption by characterizing the pore morphology, acoustic
tests using an impedance tube were performed. All materials listed in Tab. 1 were machined
to stacks with the thickness of 6 mm in order to avoid the influence of the absorber thickness
which also influences the flow resistivity. The absorption tests of metal sponges, compare
Fig.2, show that the smaller the pore size the better is the acoustic absorption. Note, that
the finest pore size is 121 + 9um and the largest 656 & 59um. The measurements of the
sintered metals suggest that the bigger the pore size, the better the acoustic absorption; see
Fig. 2. Note, that the biggest pore size of the analyzed materials is 113 & 3pm indicating an
absorption optimum in the range of 100um to 150um. It can be concluded that it is possible
to describe acoustic absorption by pore size and porosity even if the relative pore length and
the structure factor x are neglected.

Conclusions

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

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

Introduction

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

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

L.a Rosa et al. demonstrated the validity of the thermographic method for rapid determination of
fatigue properties [5]. This method, aiso calied the Risitano method, can reduce the time for
construction of a fatigue-life curve (S-N curve) to a fraction of the conventional method. The
thermographic methodology is based on an energy balance between the energy necessary to
achieve failure and the energy dissipated per cycle, the former assumed to be a constant for the
system undergoing fatigue and the latter being related to the heat generated in the sample during
fatigue. Heating of the sample during fatigue cycling can be measured and generally shows a
profile as shown in Figure 1. The plateau temperature can be used to determine the cycles to
failure (V) for the applied stress amplitude as N, = ®/AT, where ® is a constant related to the

failure energy of the specimen and AT is the temperature difference between the plateau and the
temperature at the endurance limit. Additionally, the initial slope of the temperature profile can
he used to determine the endurance limit by plotting this slope as a function of stress amplitude
and extrapolating to zero slope [5].

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

Experimental Procedures

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

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

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

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

Fatigue specimens were machined from a 95 mm (3/8 inch) round bar stock of type 304
austenitic stainless steel according to ASTM E466-96 specifications [6]. After nominal
machining, all specimens were sent to a specialty machine shop for centerless grinding. Half of
the specimens were thermally precharged following procedures in Refs. 2 and 3: exposure to
gaseous hydrogen at pressure and temperature of 138 MPa and 573K for approximately twenty
days. These procedures result in a uniform hydrogen concentration of approximately 140 wt ppm
[2,3]; the average hydrogen content was verified by inert gas fusion on a witness specimen. After
thermal precharging and prior to testing, the specimens were maintained at <268 K to ensure
minimum loss of hydrogen due to diffusion. Tensile specimens with a gauge diameter of 4 mm
(ASTM ES8, sub sized specimens) were also tested at a nominal strain rate of 10° 57! (see refs. 2
and 3 for additional description of the tensile testing procedures).
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Table | - Mechanical properties of type 304 austenitic stainless steel

Yield Ultimate Reduction Elongation
Strength Strength Area (%)
(MPa) (MPa) (%)
non-charged 490 700 80.3 44.0
H-precharged 598 756 26.5 25.1

Results and Discussion

The tensile properties of the type 304 austenitic stainless steel before and after hydrogen
precharging are shown in Table 1. Thermal precharging with hydrogen increases the strength of
the alloy and reduces the ductility as previously observed for similar alloys [2, 4].

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

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

Results of temperature risc tests are shown in Figure 6. The figures show sample temperature
plotted as a function of test time for type 304 austenitic stainless steel with no hydrogen and with
hydrogen precharging, respectively. The temperature rises rapidly during the first 100 seconds or
50, followed by a stable plateau, described by the plateau slope. The initial thermal rise is used to
characterize the endurance limit (Figure 7a): below the endurance limit the initial thermal rise is
not a function of stress amplitude, while above the endurance limit the initial thermal rise is an
increasing function of stress amplitude. The endurance limit is determined by plotting a line
through the data for stress amplitudes greater than the endurance limit and extrapolating to zero
slope [5]. The plateau slope is an indicator of the transition from high-cycle to low-cycle fatigue.
At low stress amplitude (high-cycle fatigue regime), the plateau slope is a weak function of stress
amplitude, while at high stress amplitude (low-cycle fatigue regime) the plateau slope is a much
stronger function of stress amplitude. The transition between these two regimes is clearly
identifiable in Figure 7b. The thermographic determination of the endurance limit and low-cycle
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to high-cycle transition stress are given in Table 2, along with the values determined from the
conventional fatigue-life tests (Figure 4).

The thermographic method provides an energy-based method of determining the endurance limit
and the transition between low-cycle and high-cycle fatigue. For type 304 austenitic stainless
steel, the thermographic transitions are consistent with conventional, empirically-determined
values. The fatigue-life curve was not estimated with the thermographic data because the non-
ideal thermal profiles made it difficult to establish the parameter @ for these particular tests;
however, the excellent correlation of the endurance limit and transition stress allows for an
estimate of the entire fatigue-life curve that is an adequate representation of the conventionally
measured data.

Figure 2 - Temperature-time curves for non-charged type 304 austenitic stainless steel:
conventional fatigue-life measurement

Figure 3 — Temperature-time curves for hydrogen-precharged 304 austenitic stainless steel:
conventional fatigue-life measurement
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Figure 4 — Fatigue —life curves for type 304 austenitic stainless steel; (a) conventional fatigue-life
curve (Wohler curve); (b) stress amplitude normalized by yield strength (50 Hz only).

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

Low-cycle / high-cycle
Endurance Limit (MPa) Transition stress (MPa)
Thermographic | Conventional | Thermographic | Conventional
prediction determination prediction determination
H-precharged 310 320 407 430
non-charged 241 270 331 330
(@ (b)
Figure 6 — Thermal profiles from temperature rise tests: (a) non-charged, (b) hydrogen-
precharged.
(@ (b)

Figure 7 — Thermographic results for rotating beam fatigue of type 304 austenitic stainless steel;
(a) initial thermal rise; (b) plateau slope. The arrows indicate the thermographic predictions of
the endurance limit and the transition stress, respectively; the dotted lines are visual aid.
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Conclusions

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

a)
b)

)

Type 304 stainless stee! experienced about 50-100 times longer fatigue life when hydrogen-
precharged due to the strengthening effect of high concentration of internal hydrogen.

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

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

This work is related with the production of tiles using wastes from mining and metallurgical
industry of Hidalgo State, as raw material. These wastes present a majority particle size (60 %),
minor than 53 m (mesh 270, in Tyler Series) with the following composition; 70.01 % wt. of
Si03, 12.82 % wt. of Al;O3, 3.80 % wt. of Fe, 0.70 % wt. of Mn, 3.98 % wt. of K;0, 3.34 % wt.
of Ca0, 2.50 % wt. of Na,O, 0.04 % wt. of Zn, 0.026 % wt. of Pb, 56 grams per ton of Ag and
0.6 grams per ton of Au. In this work, the partial results and experimental conditions for the
preparation of some composites to produce tiles are shown. The composite that offers the best
results in productions of tiles was that with 66.67 % wt. of mining waste, 26.67 % wt. of red mud
and 6.67 % wt. of black mud.

Introduction

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

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

Chemical composition, particle size analysis and physical properties of the wastes from Pachuca
revealed that this kind of residues can be used as raw material to ceramic industry joint with an
agglutinant that allows have a good material for production of resistant issues. Also, this material
can be a good alternative to cement industry due its SiOa2 content and to production of
construction materials [7 - 9], and also as mixed feldspar substitute [9]. This is the reason
because this work is related to production of tiles and bricks for construction industry, using
wastes giving so an aggregated value and also a rational and sustainable use.
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Experimental procedure

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

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

Results and discussion
The average chemical composition of waste from south dam in the mining district of Pachuca —

Real del Monte, is shown in table 1 where can be appreciate that the majority compounds are
silica, alumina and iron oxide.

_Table |. Average chemical composition of wastes.

Element % in weight. Element % in weight
Si0, 70.01 P20s 0.08
TiO, 0.30 KO 3.98
ALO; 12.82 Ca0 '3.34
Fe;O3 3.80 Na,O 2.50
MnO 0.70
MgO 1.01

The mineral species identified in the obtained diffractograms by X — Ray Diffraction (figure 1),
were; silica, berlinita, feldspar, orthoclase, anorthoclase, calcite, gypsum, hematite, pyrite,
sphalerite, galena and chalcopyrite.
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Figure I. X —Ray Diffractogram of wastes, showing the principal mineral species: quartz
(Si03), orthoclase (O) albite (A) and berlinita (B).

In figure 2, can be seen a general image of waste particles analyzed by SEM - EDS, where can
be observed the presence of majority elements such as silicon, aluminum, potassium, and iron, as
well as minority elements as magnesium, manganese and sulfur; showing also trace elements
such as copper (observed in figure 2b).

Figure 2. Image and spectra of waste particles obtained by SEM a) General image mesh 100,
50X (SEM), b) semi quantitative analysis (SEM — EDS).

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

205



Figure 3. Particle size distribution

Table 11 shown average chemical compositions of clays used to make mixtures, showing the
majority phases to silica, alumina, sodium oxide, potassium oxide and calcium oxide, which
favor the stickiness of composites.

Table Il Average chemical compositions of clays.

Clay Si0; AlLO3 Na,0 KO Ca0 MgO TiO; Fe;03

1 62.34 20.59 1.34 1.67 1.09 0.44 1.70 10.84
68.79 18.95 1.50 1.52 1.66 045 0.98 6.15
66.94 21.44 0.32 2.11 0.39 0.83 1.41 6.56
59.53 28.47 041 1.17 0.26 0.80 1.13 823
62.34 20.59 1.34 1.67 1.09 0.44 1.70 10.84
42.52 3218 0.45 0.45 0.26 045 1.77 18.93

[+ MRV R R I & )

Seven compounds were prepared from a mixture of waste and clays, obtaining the following
composites with high plasticity, as shown in the table III.
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Table [1I. Composition of representative composites for the manufacture of tiles.

% wt. of high plasticity % wt. of low plasticity

Composite % wt. of waste clay clay

1 66.67% 26.67% 6.67%

2 63% 31% 6%

3 63% 31% 6%

4 63% 31% 6%

5 60% 34% 6%

6 60% 34% 6%

7 60% 34% 6%

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

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

According the obtained results in the preparation of seven representative composites for
fabrication of tiles, we can conclude that have been generated products with high plasticity and

h

igh green strength using wastes. These tiles also have good properties of burning that are upper

to similar product elaborated in conventional processes, getting so a burnt red color.

1

Conclusions

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

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

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

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

Introduction

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

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

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

Experiment
Materials

There are two major components to make the no cement concrete. One is the steel slag and
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the other is primarily the granulated blast furnace slag powder composites containing some
additives. The composites of the two components react and provide the cementitious
materials for the sand and aggregate in concrete.

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

Table 1. Chemical compositions of steel slag and granulated BF slag powder composite.
Sample Si0; | Al,O3 | CaO | MgO [ Mn | P,Os | MFe | FeO | Fe; O3 S Alkalinity'
SSI-TS | 1036 | 214 | 4352 ) 609 | 192 | 169 | 23 | 1190 [ 1120 | 0077 361
SS2-HS | 868 | 163 | 429 | 750 | 189 | 126 [ 04 | 1328 | 1249 [ 040 432
$83-DQ | 834 | 112 [ 3903 ] 995 [ 229 | 148 | 23 | 835[ 665 | 0038 397
$S4-AB | B72 | 153 | 3746 | 1054 | 185 | 2.04 | 052 | 1512 | 19.24 | 0032 348
S§5-TS 1059 | 169 | 3828 | 7796 | 261 | 1.52 / 2602 | 924 | 0.106 3.16
$56-HS | 946 | 536 | 38331038 0.73 | 095 [ 0.60 | 11.69 | 1039 [ 0.179 3.68

GP 3370 | 1449 [ 3735 ] 973 [ 019 |0023] / | 081 | 1.30 |0.755 1.10
Note: *Alkalinity=CaO/(S5i0;+P;0s), $S=Steel Slag, GP=Granulated BF Slag Powder Composites, TS=Thermal
Stewed, HS=Hot Splashed, DQ=Drum Quenched, AQ=Air Blasted.

Experi I ure.

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

Cons i h T

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

Table 2. Weight distribution for various concrete preparations.

' 3
Strength | Slump | Addition (kg/m’)
ho. Design mm Granulated Steel Sand | Aggregate Vater Water
Powder Mix Slag” Reducer

1 €50 140 480 500 (HS) 370 1100 5. 8 (FDN) 170
2 €30 260 390 400 (1IS) 410 1250 4. 7(FDN) 165
3 C60 180 480 500 (GC) 320 1100 5. 8 (FDN) 190
4 €30 140 3490 400 (GC) 416 1250 4. 7(FDN) 180
5 50 165 450 800 (RCD) / 1200 5. 4(FDN) 160
6 C30 270 390 600 (RCD) 260 1200 4. 7 (FDN) 165
7 C50 265 450 800 (AB) / 1200 5. 4 (FDN) 160
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8 €30 265 390 600 (AB) 260 1200 4. 7(FDN) 160
9 €50 270 450 800 (RCD) / 1200 9(PA) 150
10 C70 260 550 800 (RCD) / 1100 9(PA) 150
11 C50 270 450 800 (ABD / 1200 9(PA) 145
12 C70 260 550 800 (ABD / 1100 9(PA) 145

Field Sampling of Road Concrete and Strength Test

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

Results and Discussion

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

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

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

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

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

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

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

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

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

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

The cooling rate obviously has strong effects on the microstructure of the slags [2]. The rapid

cooled slag has less free calcium oxide, more glass, and is more homogeneous and more
stable. The slowly cooled slag is not homogeneous and has more free calcium oxide, which is
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usually in aggregates.

Strength Test

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

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

Setting Time Boili Flexural Strength Compressive Strength
Steel Slag' (Hour: Minute ) Stgbihu'lt%/ (MPa) (MPa)
Tnitial Fnd 3d 28d 3d 284
Spf;;’;e gl 3:25 | 7: 40 | Passed | 67 112 285 399
Thermal | 5 oy | 5, 45 | Passed | 76 133 30.7 39
Stewed
Qz;‘g;‘ed 1: 57 | 4: 32 | Passed | 103 17.0 475 712
Air
Blased | 1725 | 2:55 | Passed | 109 156 48.4 655

All slag samples were utilized within one month of generation.

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

No Compressive Strength of Concrete (MPa)
) 3d 7d 28d 60d 90d 150d 360d

1 48.2 51.6 62.3 / / / /

2 40.5 45.4 52.4 / / / /

3 50.1 55.3 65.0 / / / /

4 43.1 48.1 52.7 / / / /

5 56.0 64.1 72.4 733 / 78.4 /
6-DQ 479 53.5 59.3 63.0 / 67.5 /

7 57.0 66.6 72.1 73.0 / 75.0 /
8-AB 44.5 53.5 59.7 61.0 / 64.3 /
9-DQ_ / 84.2 88.7 / 93.4 / 95.0
10-DQ 76.8 82.0 93.4 / 97.0 / 99.6
11-AB / 65.6 779 / 79.6 / 842
12-AB 743 81.5 91.5 / 93.1 / 100.3

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

Table 4 presents the compressive strength of the concrete made of sand, gravel, and the
composite of granulated BF slag powder mix and steel slags of various kinds. The designed
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grades are C30, C50, and C70. It can be observed that all of the products meet the strength
requirements of their corresponding grade. The early strength is outstanding. The strength is
continuously increasing with time. Air blasted slag is utilized for the No. 12 test. The
compressive strength exceeds 70MPa in 3 days, 90MPa in 28 days, and 100MPa in 360 days.
Drum quenched slag is utilized for the No. 10 test. It has similar results as the No.12.

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

Strength is the most important mechanical property of concrete [4]. This is simply because
concrete is mostly utilized for load bearing or force resisting. For the concrete of this study,
the hardening of the cementitious materials (produced by the composite of BF slag and steel
slag, plus other additives) and the sand and aggregates determines the strength that is
developed from them. The mechanical strength of the artificial stone depends on the
characteristics, quantities, ratios, and structures of the mineral constituents. The composite of
BF slag and sieel slag produces intermixed needle like aluminum sulfate hydrates and velvet
like silicate hydrates within one day. In three days, it can be observed that the aluminum
sulfate hydrates are covered with the velvet silicate hydrates. In addition, the rod shape and
granular shape silicate hydrates also appeared. After 28 days, dense structures of intermixed
aluminum sulfate hydrates and silicates hydrates are formed.

A microhardness test was conducted on a 7 days sample. A polished section was made from
the sample and the microhardness was examined along a line from the center of a aggregate
to the matrix. The results are shown in Figure 5. The microhardness is 620 Kg/mm?, 231
Kg/mm?and 71 Kg/mm? for the aggregate grain center, boundary and matrix, respectively.
The microhardness of the boundary is 3 times of that of the matrix. This demonstrates that
the boundary of the grain and the matrix is hydrated and well bounded with the hardened
hydrated products. This is different from the bounding from the Portland cement. In a
previous study [6], it was shown that the boundary of the grain and matrix in concrete using
the Portland cement has the lowest microhardness than the grain and the matrix. It is the
weakest part of a concrete, with the hardness of about 40 to 90% of the matrix (Figure 6).
Therefore, the composite of the granulated BF slag powder mix and the steel slag offers
much better cementing property than the regular Portland cement on making a concrete.

Figure 8. Microhardness around boundary. Figure 6. Microhardness near cement boundary.
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Engineering Applications

The concrete using the composite of BF slag and steel slag has been evaluated in many
engineering projects to understand their long term performance. Some of these projects
were carried out about 30 years ago. The results of these tests show that the composite based
concrete has long life, excellent structures, and continuously increasing strength. Their
microstructures are dense without any fractures around the grains observed. A few examples
are presented here.

A project was carried out in 1985 to build a natural gas maintenance workshop with the
composite concrete, including the foundations and pillars to support the crane operations.
The pillars were prefabricated with steam curing, which reached 57% of the design strength
within one day. After one day curing, the pillar was removed from the mold and lifted with a
crane to the place. No cracks or damages were found. The workshop has been operated until
now without showing any problems. An external agency has been called to examine the
project 4 years after its construction. Nondestructive ultrasound and rebound hammer tests
were conducted (Figure 7). Its conclusions include:

a. The foundations and steel beam reinforced concrete corbels have satisfied the designed
strength requirements according to the nondestructive testing, and hence achieved its load
bearing requirements.

b. The composite concrete is dense and has no cracks or other damages.

c. Both the interior and field tests show excellent quality.

d. There is no inside or out damages after years of use.

A road using the composite concrete was constructed along the dorm of the company in 1984
(Figure 8). The concrete is 200 mm thick. The designed strength is grade C20, and the tested
strength is 28.5 MPa. After 22 months of use, a core was obtained and the strength has
increased to 113%. After 26 years in use, another core was obtained and the strength was
35.1 MPa, equivalent to 123% increase. The strength is increasing with time. The surface of
the road is still smooth, without seeing pitting and sand detaching.

Fig.7. Nondestructive test on 4 years old corbels. Fig 8. 26 years old road using composite concrete.

Figure 9 is a SEM picture of the 26 years sample. Figure 10 shows the elemental analysis of
the marked point in Figure 9. The point shows that this grain is a solid solution of Mg, Fe and
Mn in oxide form (RO phase). This RO phase is surrounded by the velvet phase in a steel
slag grain. In the typical steel slag, RO phase disseminated within the dicalcium silicates. The
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velvet surroundings suggest that these dicalcium silicates have been hydrated in the last 26
years to form the hardened hydrated gels. The RO phase is stable. It didn’t participate to
hydration reaction. The steel slag grains and the surrounding matrix are densely connected.
No cracks or fissures are observed, indicating no expansion. In the petrographic analysis, it
shows that small steel slag particles have been hydrated, which consumes the calcium and
leaving Mg and Fe RO grains behind, sticking out as an island in the hydrated products
(Figure 11).

Fe metals left in the slag can be observed in Figure 12. There is no oxidation of the Fe metal
grain after 26 years use, which is an additional evidence supporting that the composite
concrete is dense.

Fig.9. Solid solution phase @ of Fe, Mg and Mn. Fig. 10. Elemental analysis of spot “&”

Fig.11. Small particles left in the hydrated matrix. Fig.12. Metal particles in the composite concrete after 26 years.

Conclusions

1. Composite of granulated BF slag powder mix and steel slag is a good cementitious
material.

2. Concrete can be made using the composite to replace the Portland cement.

3. The hydrated products from the composite include various aluminum sulfate hydrates and
silicate hydrates, These hydrates are densely intermixed. Steel slag particles are part of the
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reactants. The final products are the hardened hydrates with very dense microstructures.

4. The nondestructive testings show that the composite concrete utilized in various civil
projects are sound. The strength increases with time.

5. The composite concrete is still stable after 26 years in field use. Petrographic analysis of
the core sample shows that the active ingredients in the large steel slag particles reacts first,
which exposes the stable RO phase. Small slag particles also hydrates, consuming calcium
and leaving RO of Mg and Fe as islands in the hydrates matrix. Steel slag particles forms
dense mass with the matrix. Iron particles in the slag were not oxidized. There were no
expansion from the free CaO and free MgO.
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Abstract

Steel industry has been expanding every year, consequently there has been an increase in waste
generation in this area. Thus, companies in this sector are finding it difficult to give a correct
destination of waste. For example, only in a basic oxygen furnace (BOF) converter are generated
about 18kg of dust per ton of steel. The aim of this work was the characterization of dust
generated in the BOF converter. The characterization was performed by chemical analysis
(titration for iron and its oxides and Inductively Coupled Plasma Atomic Emission Spectroscopy
for other elements), scanning electron microscopy, size analysis using Mastersizer 2000
equipment and X-ray diffraction. It was observed that dust is composed mainly iron in form of
magnetite, metallic iron and wustite with approximately 99% of the particle size below 100pum.

Introduction

Today, steel is a important metal for the world. It can be produced for two routes, blast furnace/
basic oxygen furnace (BOF) converter and electric arc furnace (EAF) [1].

First route, the iron is produced from the reduction of iron ore and coke for fuel injection and/ or
natural gas for a production of pig iron in blast furnace. The pig iron is sent until BOF converter
to perform the blowing of oxygen to obtain the steel. In the second route, the steel is produced
using scraps or direct reduced iron (DRI) using electric arc.

During steel production are generated a lot of wastes like slag, sludges, scraps and dust [2]. Only
in the first six months of 2010, world steel production totaled 706 million tons [3]. According to
Watson and Wang [4], some 10 to 20 kg of dust is generated per tonne of liquid steel produced.
Thus, the reuse of these wastes can be a great to companies, because it reduces the amount of
raw material to be extracted and reducing disposal costs [5,6].

Basic oxygen furnace is responsible for over 60% of the total steel production, and it is the
second largest generator of solid waste in an integrated steel mill, contributes with 27 wt.% of
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the solid waste generated in the plant. In this sector are generated about 5 to 7 million tons per
year worldwide [7,8 ,9).

The BOF dust is generated by blowing of oxygen in pig iron. When occurs oxygen contact with
the pig iron small particles are generated. These particles are removed from furnace off-gases in
bag-houses [4]. The figure | shows the process of particle generation in the BOF converter.

Figure 1: Process of particle generation in the BOF converter.
*Footnote: Mendes, 2009 [10].

The main elements present in the BOF dust are Fe, Ca, Mn, Pb, Mg and Zn [11,12]. The Fe can
be present as wustite and magnetite [6]. In the table I can be seen some composition of BOF
dust.

Table I. Components present in the BOF dust.

Components wt.% wt.%
Total Fe 554 479
Si0, 23 1.4
MnO 18 03
Ca0 10.6 13.0
MgO 37 05
Zn0O 1.7 6.7
Pb - 0.5
Na0O 0.3 0.7

*Footnotes: Hay and Rankin, 1994 [13];0XIFINE, 2002 [14].

The BOF dust usually is dumped in landfill sites. Thus, it can cause environmental problem
because the heavy metals like Pb and Zn can be leaching [11].
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The steel industry is growing. Therefore this results in increased waste generation. There is
potential for the development of fundamental studies and innovations for the exploitation and use
of waste as raw material to be introduced into the productive cycle.

However for the development of new techniques for reuse of waste is necessary to know it. The
aim of this work is to perform the characterization of the BOF dust for developments of new
routes for its reuse.

Materials and Methods

Initially was coleted about 20kg from BOF dust. It was dried in muffle furnace at 60°C for 48
hours and it was manually homogenized. The next step, the dust was characterized by chemical
analysis, scanning electron microscope coupled with EDS, X-ray diffraction and size analysis.

Chemical analysis was carried out by titration for iron and its oxides. For other elements, the
chemical analysis was performed by Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP). For perform ICP analysis the sample was digested in aqua regia for 24 hours and diluted
in distilled water.

For accomplish scanning electron microscope the sample was coated with gold. The images were
obtained for secondary electrons. The size analysis was realized using Mastersizer 2000
equipment. In this test was used water as dispersant and ultrasound for 5 minutes. The X-ray
analysis was carried out in SIEMENS equipment, model 500. 1t was conducted between 5 to 70
degrees.

Results and Discussion

In the table 11 shows results obtaind from BOF dust by titration and Inductively Coupled Plasma
Atomic Emission Spectroscopy.

Table II: Chemical analysis obtained from BOF dust.

Components wt.%
Total Fe 46.9
Metallic Fe 2.2
Fe' 44.4
Fe? 03
CaO 232
MnO 34
MgO 2,1
Si0; 2.0
ZnO 19
PbO 0.1
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It can be observed in the table II that total Fe (46.9 wt.%) is the main component found in BOF
dust. The total Fe was found in three forms, metallic Fe (2.2 wt.%), Fe*? (44.4 wt%) and Fe™
(0.3 wt%). It also found 23.2 wt.% of CaO. According to Mendes, CaO is coming from calcite
that is introduced into basic oxygen furnace [10].

Other ¢lements also were found in less proportion like MnO, MgO, ZnO, SiO; and PbQ. The
$i02, Ca0, MgO are from slag. According to brazilian laws, this dust is classified as class I,
hazardous waste [15].

Figure 2 shows X-ray obtained from BOF dust. It can be seen that main iron’s phases found were
waustite, magnetite and iron. It also was found quartz and calcite, magnesium peaks. According to
Yi et all [16], FeO or Fe;O4 are the main phases components from BOF dust. In this work, the
main phase found was FeO. The SiO, peak can be from slag.

The X-ray proves the results obtained by chemical analysis that showed that the main phases
found was Fe™ from wustite and magnetite.

Figure 2: X-ray spectra of BOF dust sample.

Figure 3 shows images obtained from scanning electron microscopy and figure 4 shows EDS
analyses performed together with scanning electron microscopy. It can be observed that the main
peaks found were Fe, Ca, Mn, Mg and O. These results shows that Fe is present in greater
proportion than other constituents.
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Figure 3: Images secondary electrons from BOF dust 1000x.

Figure 4: EDS spectra of BOF dust.

Figure 4 shows size analysis obtained by mastersize equipmente from BOF dust. It can be seen
that particle size distribution is situated in the range 0.128 to 158.5 pum, with 98.2% smaller than
100 pm. It was also observed that 50% of the particles were less than 10.08 pm.

225



The fine particle size is one of the major problem found for reclycing of this dust. Thus, it is
necessary process of agglomeration to use this dust [7].

Figure 5. Size analysis from BOF dust.
Similar results were obtained for Mikhail and Turcotte [7]. Their data showed that almost all the
BOF dust is under 100 pm.
Conclusions

The characterization of the BOF dust showed that the main element was Fe (46.9 wt%). The
main Fe phases found were waustite and magnetite. These phases are constituted mainly for Fe*2.
The size analysis showed that approximately 98% smaller than 100 pm, thus is necessary process
of agglomeration to use this dust.
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Abstract

Cycled fluidized bed ash (CFBA), a significant portion of fly ash produced from
coal-fired power plants and rejected from the ash classifying process, has remained
unused due to its high free CaO and SO; content. It is necessary to extend research on
the method to reduce the expansion and improve the compressive strength by some
effective chemical activator. This paper presents experimental results on the
expansion by Le chaterlier tester and the compressive strength. Hydraulic ash-zeolite
(HAZ) cementitious material was blended as the chemical activator to study the
effects of the activator on the expansion and the compressive strength. The results
show that HAZ can not only reduce the expansion, but also increase the prisms
compressive strength. Scanning electron microscope observation and X-ray
diffraction analysis indicate that the main hydrated products of the sample are calcium
hydroxide, ettringite, zeolite and calcite, which can explain the results of the
expansion and the strength tests.

Introduction

Nearly 80% of the electricity in China is produced by coal-fired plants, which results
in the production of a large quantity of coal combustion residues, among which coal
fly ash is the major component. Because of that the air-pollution becomes heavier as
time going on. Cycle-fluidized-bed-combustion systems are retrofitted to meet
air-emission standards mandated by China Clean Air Act. Cycle fluidized bed ash
(CFBA) will present new challenges for coal-combustion byproduct management.
The use of cycle-fluidized-bed ash as a cement replacement in concrete is the most
attractive one because of its high volume utilization and widespread construction.
However, the replacement of cement with cycle fluidized bed ash in Portland cement
concrete usually increases the expansion and decreases the early strength of concrete.
In many research of this field, most of them were focus on the activation of
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pozzolanic activity of CFBA and to make all kinds of blend cement. A number of
studies had been carried out on the activation of CFBA using chemical activators.
These studies involved using different activating methods including alkali activation
and sulfate activation [1, 2]. The former involved the breaking down of the glass
phases in an elevated alkaline environment to accelerate the reaction [3, 4]. The later
is based on the ability of sulfates to react with aluminum oxide in the glass phase of
CFBA to produce ettringite that contributes to the strength at early ages [5-7]. With
respect to sulfate activation, the use of gypsum and sodium sulfate had been well
studied [5-8). HAZ is one of HAS sub-products which is a patentd chemical activator
made by Wuhan University (Z1L.98113594.3). It had been used to activate CFBA to
produce blend cement in many Chinese engineering projects and time has told us that
it is a good activator.

Great progress has been made in this field in recent years and then there was a
emphases assignment given by Technology committee of Wuhan city to make high
pozzolanic activity cement material in which CFBA mix ratio exceed 40 percents. It
was inferred by Shunsuke that calcium hydroxide is insufficient for proceeding of
pozzolanic reaction in CFBA cement paste. When the substitution rate of CFBA is as
high as 60%, calcium hydroxide is so insufficient that self-neutralization may occur.
Therefore, it is desirable to not exceed 40% of the CFBA substitution rate of cement
[9]. In this study, the focus is on the activation of activity of CFBA using HAZ. The
purpose of this study is to find an effective and simple mix ratio of HAZ to keep the
soundness and to increase the strength of blend cement in which CFBA mix ratio can
range from 40 percents to 70 percents.

Materials

The CFBA used in this study was from Tianmushan Power Plant in Hangzhou City.
Its chemical compositions and main physical properties are given in Table 1. It can be
seen that free CaO and SO3 in the form of lime and anhydrite. In addition to
pozzolanic properties, they can have hydraulic activity with just the ash itself [10, 11].
These ashes can form, with water, relatively strong materials without the need of an
activator. The content of SO;and f-CaO are higher than 3%, which are the max ratio
to mix with the clinker of fly ash allowed in China codes.

Table 1. Chemical composition of the sample from Tianmushan power plant.

Oxides Content %
SiO, 31.15
AlLOs 18.07
Fe.0; 4.21
Total CaO 26.51
f-CaO 5.8
MgO 1.06
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SO; 9.56
Loss on Ignition 8.12

The cement and the cement clinker used in this experiment were bought in Wuhan city.
Its chemical compositions are given in Table 2.

Table 2. Chemical composition of cement clinker.
C}S Czs C}A C4AF CaSO4
56.47 1404 693 13.62 1.00

Hydraulic ash-zeolite (HAZ) is one sub-products of Hydraulic ash-slag cenmentitious
material (HAS) that is a patented chemical activator made by Wuhan University
(Z198113594.3). It is a kind of Hydraulic ash-slag cement material which was made
up of pozzolanic concrete dust, byproduct of alkali industry, high blast furnace slag
and some chemical agents. HAZ can make the expansion lower by give crystalloid
inducement and change pH of the surroundings. Figure 1 gives the XRD pattern of
HAS motar .

Fig. 1. XRD of HAS motar: (1: CaMgSi;O7; 2: CaAl;Si;0;; 3: CaAl;SiOy; 4:
CaAlSiAlO7; 5: Ca(OH)s; 6: CaSiO;; 7: CaAlsO7)

Experimental Procedure

The test specimens were prepared in two different batches. The first batch was used
for determining the effect of HAZ content and amount of mixing CFBA on the
cylinder expansion. Cylindrical specimens of 2.50 c¢m in height and diameter were
made in this batch, which was molded by Le chaterlier tester. The water-to-binder
ratio was 0.35 for all the mixes. To study the effect of CFBA content on prisms
expansion, the ratios of CFBA and cement clinker in the mix were varied from
30:70% to 70:30%. For comparison, the same experiments were done on pastes with
30% CFBA and 70% cement without any HAZ. To study the effect of HAZ content
on mortar strength and the expansion, the ratio of HAZ dosage was varied from 0.5%
to 2%. All the component mix together and were ground in a lab ball mill to produce
fine powders with a particle size of less than 75pm.

231



The second batch specimens were used for determining the effect of HAZ content and
amount of mixing CFBA on mortar strength. The mix was cast into a 70.7x70.7x70.7
mm mold by hand. They were made from CFBA cementitious material-sand mortars,
containing 60% mix of CFBA cementitious material and 40% sand. The ratios of
CFBA and cement clinker in the mix were varied from 30:70% to 70:30% in the
CFBA cementitious material.

After molding, test specimens were cured in a moisture chamber with a temperature
of 20+ 2°C and RH>90%. After a certain period of curing in the above-mentioned
trial environments, the mortar specimens were tested for compressive strength. At the
same time the paste specimens were analyzed using Scanning electron microscope,
FT-IR, Differential Thermal Analyzer—Thermogravimetric (DTA-TG) and X-ray
diffraction, and the composition and structure for new formations of the cementing
matter were determined.

Result and Discussion
Expansion Decrease

Table 3 shows the results of soundness tested by Le chaterlier tester, in which the
CFBA dosage ranges from 30% to 70%. In Table 3, it can be seen that the pastes was
broken when the CFBA replacement beyond 30%, in which there was no HAZ dosage.
Figurc 2 shows the photos of the broken cylinder and the soundness one. Table 3
shows that the maximum rate of the expansion reduction of the prism was achieved at
2% HAZ dosage. Expansion of CFBA-cement clinker with 2%(wt) of HAZ reduced
by 47.8% compare to the same mix with no HAZ dosage. In Table 3 it can also be
seen that expansion increased with increasing CFBA content at a constant HAZ
dosage. For the mixes replacement of disposed CFBA increase from 40% to 70%, the
expansion increased by 5.3%, 21.1% and 78.9% when 2%(wt) HAZ added. With
1% HAZ dosage, the expansion increased by 7.4%, 11.1% and 33.3%. On the other
hand, it can be seen in Table 3 that the expansion changed at different HAZ dosages
and all of the results of expansion show that the decrease at every replacement of
disposed CFBA is 42%, 45%, 30.4%, and 17% when the HAZ dosage changed from
1% to 2%. It can be concluded that the major parameter of the expansion is not the
replacement of disposed CFBA but the HAZ dosage.

Table 3. Schemes and results of expansion.

Le
Samples Ccement Cefmcnt CFBA HAZ Expansion chaterlier
clinker
value(mm)

1 70% 30% Broken
2 60% 40% 2% Soundness 1.9
3 50% 50% 2% Soundness 2.0
4 40% 60% 2% Soundness 2.3
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5 30% 70% 2% Soundness 34
6 60% 40% 1% Soundness 2.7
7 50% 50% 1% Soundness 29
8 40% 60% 1% Soundness 3.0
9 30% 70% 1% Soundness 3.6
10 30% 70% 0.5% Soundness 4.3
Table 4. Schemes and resulis of strength.
MPa
Samples  CFBA Cement HAZ compressive strength

clinker dosage 3d 7d 28d
1 70 30 0.5% 8.0 18.2 39.8
2 70 30 1% 9.2 19.6 41.4
3 70 30 2% 8.4 20.4 43.6
4 60 40 58 10.1 25.8
5 50 50 6.0 10.8 27.7
6 40 60 10.6 19.3 40.7

Figure 2. The photos of the broken and the soundness prism.

The reason may be that, during the hydraulic reaction, the free CaO in CFBA reacted
with water and produced C-H, which caused the volume expansion. As the free CaO
has good surface activity, it can absorb the water in the capillary pore and produce
Ca(OH),, which can keep the C-H out of capillary pore as its crystal size and kind,
which make the volume bigger than the compute, and then the cubes broken [12,13].
In Tables 3 and 4 it can be seen that the higher CFBA ratio come without a bigger
expansion as the HAZ added. The reason maybe the high pH of HAZ solution
resulted in the breakdown of the covalent bonds of Ca-O, Si-O, and Al-O from the
glassy surface of CFBA [14]. This causes the dissolution of calcium, silicon, and
aluminium ions, and as a result, calcium silicate hydrate (C-S-H) gels are formed
quickly by giving the crystalloid inducement, which is responsible for the expansion
reduction and the compressive strength development of the prisms.

Compressive Strength Development
The mortar strength test results are shown in Table 4. The development of HAZ

activated cementitious material containing CFBA was conducted at different
concentrations. It is observed that the rate of mortar strength development of the
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prisms decreased with the increasing concentration of the CFBA. The maximum rate
of strength development of prisms were achieved at 2% dosage of HAZ is 15%.
These values were much higher than those of the mortar cubes, which showed an
increase of 15%, 12.1% and 9.5% at 3, 7 and 28 days curing time, respectively.

From Table 4, it is also found that the strength of the mix decreased with the
increasing concentration of the CFBA. For the mixes containing 50% and 60%
CFBA, the compressive strength decreased by 76.7%, 78.7% and 46.9% after curing
for 3, 7 and 28 days, respectively. This reduction in compressive strength was
reported to be caused by the increasing replacement of disposed CFBA [15], where
similar values were obtained. But the pastes containing HAZ generally had higher
compressive strength than those without in spite of less replacement of disposed
CFBA. This maybe due to HAZ reacted with CFBA and cement clinker during the
hydraulic reaction, and made the hydration products with zeolite. When the zeolite is
formed, it could directly affects the hydration rate of CFBA cementitious material. As
a result, the strength of the prisms with HAZ blended is greatly higher than that of
those prisms without HAZ blended. This confirmed that HAZ is the direct parameter
of the expansion reduction and the compressive strength development of the prisms.

SEM Observation on Hydration Products

The microstructure of the fractured surface of the pastes with different HAZ dosages
were studied by SEM and the ratio of HAZ dosage were 0%, 0.5%, 1% and 2%.
Figure 3a shows the micrographs of the paste without any HAZ dosage cured for 28
days. It can be found that a number of particles of CFBA had already been etched
although smooth ones still existed. Compared with others that containing HAZ, the
surface of the CFBA particle was smoother and rounder. This suggested that CFBA
has not yet entered into an active state of reaction ,which was consistent with the
results of the compressive study.

The CFBA particles also remained smooth in the paste mix with 0.5%(wt) HAZ
dosage. Figure 3b shows that no obvious salty crystal was observed. As for the pastes
with 0.5%(wt) HAZ dosage, the CFBA particles were etched sharply and appeared to
have reacted partly. In Figure 3c, it was found that the surface of CFBA particles
appeared to be broken and reacted significantly, in which the HAZ dosage was 1%. It
shows that the CFBA particles had reacted with the HAZ, resulting in more platy
crystals and gel-like products surrounding the CFBA particles. The boundary between
CFBA and the other hydration products can not be distinguished easily.

Figure 3d shows that more broken particles of CFBA could be seen and the system
became much denser at 2% HAZ dosage. This is due to the possibility of CFBA
activation mainly lies in the breaking down of its glass phase and the CFBA can react
with HAZ in the binder system [16]. The hydration products of HAZ, zeolite, may
absorb a large amount of expansion inducers. This is consistent with the results of the
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exoansion test.

Fig.3 SEM Photos

Fraay et. al. [17] reported that in the presence of aqueous lime, the pH value required
to the dissolution of alumina and silica in fly ash was about 13.3 or higher. The pH
value of a saturated solution of HAZ is 13.4, so the addition of HAZ did have obvious
effect on the VFBA-cement system.

X-ray Diffraction Analysis on Hydration Products

Figure 4. X-ray diffraction patterns of hydration products

Figure 4 shows the X-ray diffraction (XRD) patterns of the samples hydrated for 3
and 28 days with 2% HAZ dosage. In Figure 4, the XRD-A is the patterns of 3 days
hydrated of the sample with 2% HAZ dosage. This figure shows that the CFBA
hydrated production takes up most of the place. Quartz, C-S-H, Aft, AFm and C-H
peaks can be identified with certainty. The reason is that CFBA take the controller role
in this stage of the hydrated reaction with high content in the mixer. In the patterns of
XRD-B, it can be seen that the main hydrated products of the sample are calcium
hydroxide, ettringite, zeolite and calcite in the 28 days hydrated production. When
70% CFBA was substituted for cement, the hydration products of the mixture were
mostly same as that of pure cement excluded zeolite. All crystal minerals of CFBA
can be seen in Fig.4 (XRD-B). The diffraction peak strength of calcium hydroxide and
ettringite basically were the same as that of Portland cement, and the diffraction peak
strengths of the hydration products clearly decreased. The main reason is that the
addition of CFBA to the binder may cause a significant dilution effect. Therefore the
hydration degree of binder has been decreased more than the Portland cement. As the
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zeolite is the hydration product of HAZ and binder, the absorption and other domino
effect of it can be responsible for the expansion deduce and the compressive strength
development of the prisms. Therefore acting as an activator with its addition into the
binder, HAZ can not only deduce the expansion, but it can also make the prisms
compressive strength increased obviously.

ETIR Spectroscopy on Hydration Products

In spectroscopic investigations, the spectra of the 4000-300cm™ region were
recorded. The FTIR spectra of the samples hydrated for 3, 14, and 28 days with
2% HAZ dosage are given in Figure 5.

Fig.5. Infrared spectrum of specimens

The coordination-sensitive ring strenching modes of silica quartz (Si-O-Si) are
observed at 470cm’™ and the vibrational spectral of silica quartz are observed
around 1030-1050cm™’. The spectra A is the spectra of the sample hydrated for 3
days with 2% HAZ dosage. In the spectra it is can be seen that the vibrational
spectral of Si-0-Al, Mg-O-H, Al-O-H and H,O were observed at 525-530cm’,
840cm™, 915cm™ and 1635-1645cm™, respectively. The coordination-sensitive
ring strenching modes of H;O were observed at 3015-3630cm™. This was mainly
performed for the quantification of calcium hydroxide (CH) present in the CFBA
hydration and HAZ dosage was not the major parameters in the hydration reaction
at this stage. The spectra B and C are the spectra of the samples hydrated for 14
and 28 days with 2% HAZ dosage. As it is well known that with the curing time
going, the hydration reaction is developing. In the spectra B and C it can be seen
that there are obviously vibrational spectral appeared: vibrational spectral of
calcium hydroxide, ettringite and calcite are observed around 500-1750cm™
clearly. There are also some characters of zeolite hydration products in this range
of the spectra. In fact, the CH content of all specimens is continuously increasing
with hydration age, as a result of the hydration of CFBA in this stage. And HAZ
hydration products were increasing and the high pH of HAZ solution resulted in
the breakdown of the covalent bonds of Ca-O, Si-O, and Al-O from the glassy
surface of CFBA. This causes the dissolution of caicium, silicon, and aluminium
ions, and as a result, calcium silicate hydrate (C-S-H) gels are formed quickly by
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given the crystalloid inducement, which is responsible for the expansion deduce
and the compressive strength development of the prisms macroscopically.

It has been well established that the pozzolanic reactions are highly dependent on
the calcium hydroxide that exists on the cementitious matrix, the primary HAZ
content in each mixture. Therefore, the CH contents that remained unbound in the
systems were also calculated in unitary terms, that is, as a function of the cement
mass in each mixture. And it is obvious that HAZ hydration control the expansion
deduce and the compressive strength development of the whole reaction in this
stage.

Conclusion

1. The strength development of CFBA cementitious material in the presence of
HAZ was considerably higher than the strength development of those without the
compound. The maximum strength development was achieved at 2% dosage of
HAZ.

2. The addition of HAZ compensates the expansion induced by the 70%
replacement of disposed CFBA. The study results show that HAZ can not only
deduce the expansion, but it can also make the prisms compressive strength
increased.

3. In the hydration products, there were some kinds of zeolite produced, which is
consistent with the results of XRD result.
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Abstract

The aim of this study is to prepare the apatitic material using colemanite mineral
(2Ca0.3B,0;.5H,0) which was obtained from Eastern Anatolia, Turkey. For this purpose,
colemanite mineral was reacted with different phosphate sources, namely, dipotassiumhydrogen
phosphate, ammoniumhydrogen phosphate and ortophosphoric acid at various temperatures and
time periods. Experiments were run in batch system. The apatitic material was prepared by a wet
method and followed by heat treatment at various temperatures. Structure of the samples was
analyzed by XRD, FTIR, XRF and SEM. The particle size analysis was also made for the result
product. The experiments showed that reaction temperature, contact time and heating
temperature are important parameters to transform the colemanite into apatitic structure.
Reaction of colemanite with dipotassiumhydrogen phosphate and ammoniumhydrogen
phosphate results in amorphous, non-stoichiometric hydroxyapatite type structure, while acid
based phosphate source gives brushite and monetite type product before and after heat treatment,
respectively.

Introduction

Boron which has properties intermediate between metals and non-metals is a member of
semiconductor group of elements. Its atom is very small and has three valence electrons. Boron
exists in Earth’s crust (from 5 mg/kg in basalts to 100 mg/kg in shale) and in the oceans (4.5
mg/1) [1]. Turkey has 60% of world’s boron reserves which is mostly in the form of colemanite
(2Ca0.3B,0;.5H,0). Colemanite is the most important calcium containing commercial borate
mineral with 5 mol of crystal water [2].

Calcium phosphate cements are very useful for bone repair applications because of its chemical
structure. They are injectable, easy to shape and can be maintained locally. Because of those
reasons calcium phosphate cements are very effective to fill bone defects with an irregular shape
[3]. Hydroxyapatite (Ca;o(PO)s(OH);) is the major component of the bone (70 wt%). However,
hydroxyapatite stoichiometry, composition and crystallinity differ in human skeleton system {4,
5].

The main objective of the present work was to study the transformation of colemanite to apatitic
material using different phosphate solutions at several time spans and temperatures. The
experiments were run in a batch system, change in pH and also weight loss were measured after
the experiments. Several analysis methods were used to investigate the chemical and structural
changes.
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Materials and Methods
Colemanite mineral that was obtained from Eti Bor Kutahya Emet-Espey field was grinded and
then was sieved by JEL Apparatbeau through stainless steel sieves to produce size ranges
between 180-250 pum for the experiments.

Table I. Compound Information of Espey Colemanite

Compound Espey Colemanite
B,;0; wt% | 48.830
SiO» wt% | 1.390
Fe203 wi% |0.320

Al O3+TiO, wit% | 0.240
Ca0 wt% | 26.260
MgO wi% | 1.090
$rO wt% | 0.660

As ppm | 150
SO, wit% | 0.020
K,O wi% |0.16
Na,O wt% | 0.040

Three different phosphate solutions were prepared to use in the conversion of colemanite to
apatite form. K:HPO, solution was prepared dissolving KoHPOs(Merck, 98%) in deionized
water to give a 0.25 M concentration. pH of the solution was adjusted to 7 by adding a few drops
of dilute HCl into the solution for approximating solution’s pH to human body fluid [6].
{NH4)2HPO, solution was prepared by using(NH4);HPO4 (Merck, 99%) as the same principal of
K;HPO4 solution and its concentration adjusted to 0.3 M with deionized water. 0.6 M H3;PO,
solution was prepared in deionized water with using 85 %vol. H3PO4 (Merck). Colemanite
particles were reacted in each solution for a specified time at 37°C and 75°C. The amount of
reactants was calculated according to Ca/P ratio of hydroxyapatite. Afier the reaction, the
product was obtained by removing the solution with filtering flask. Product was decanted three
times with deionized water and then two times with alcohol. Afier drying at 90°C for 12 hours in
an oven, samples had heat treatment at 400°C and 700°C for 3 hours then they were stored in a
dessicator. pH was measured in specified time intervals and selected temperatures while the
reaction was going by using inoLab pH/Cond 720. These measurements give some information
gbout the ion transfer between colemanite and phosphate solutions. The weight of the colemanite
was specified before the experiments. So, the weight loss was calculated by subtracting the
specified weight of the colemanite from samples that were the washed with three times deionized
water and (wo times alcohol, and dried at 90°C in an oven afier the reactions. Structural and
chemical changes in both colemanite and the phosphate solution that was resulted after the
reactions were monitored using several techniques. Boron content of the samples was measured
using volumetric titration method. After the heat treatment the functional bounds of the solid
particies were analyzed by FT-IR (Perkin Elmer) in 650-4000 cm™ frequency interval. The XRD
patterns of the samples before and after heat treatment phases were collected over a 20 range
from 10° to 90° at a scan rate of 0.05°s with a counting time of one second. The data collected
from Bruker D8 Advance X-ray diffractometer. Some selected samples’ qualitative and
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quantitative analyses were made by Rigaku ZSX-Primus 1l X-ray fluorescent. Also the surface
spectrums extended in 200-25,000 of those samples were obtained from JEOL 5410 scanning
electron microscope.

Results and Discussion

Weight Loss, B,O3 Concentration and pH Changes

Fig.1 shows the pH changes of the reactions. Ca’* ions of the colemanite react with PO4* ion
from K2HPO, and (NH4);HPO4 solutions and precipitate apatite. Na*, BO*, and SiO,* ions
from colemanite dissolve into the solutions. The strongly basic NaOH that is formed from the
Na" ions of the colemanite overwhelms the weak acidic tendency of B(OH); and Si(OH)a, so the
pH increases {6]. From the experiments that were maintained in KoHPOy4 solution, it is seen that
the pH difference is decreasing as the reaction time increases. Besides, the pH values of higher
temperature experiments are greater than the lower temperature experiments.

Figure 1. pH changes of the reactions that was made in the (a) K;HPO; solution
(b) (NH4)2HPO; solution (c) H3POy4 solution

Dissolution rate of colemanite is proportional to the temperature [7,8]. In this case, the rate of
dissolution of B2O3 from the colemanite increases as the increasing temperature, so the acidity of
the solution increases and the pH decreases. Ca*? ions of the colemanite react with PO,> from
the H3;PO4 solution and forms brushite and monetite. pH values of the reactions which were
carried out at 37°C are greater than the 75°Cs because of the direct proportion of dissolution rate
of B2O; to the reaction temperature [7]. Weight loss percent and change in B,Os; concentration of
the solutions are seen in the Fig.2 and Fig.3, respectively. Since dissolution of the B2O; from the
colemanite increases, weight loss percent also increases as the temperature and the time for all
the reactions.
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Figure 2.Weight loss of the reactions that was made in the (a) K;HPOjy solution
(b) (NH4);HPO; solution (c) H3POj4 solution

Figure 3.B;0; concentration of the solutions for the reactions that was made in the
(a) K;HPO;4 solution (b) (NH4),HPO4 solution (c) H3PO4 solution
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Structural and Chemical Changes of Colemanite

FTIR analysis before the heat treatment of 1 hour experiments that was made with K;HPOy
solutions is seen in Fig.4. The dominant bonds to represent hydroxyapatite are the phosphate v3
which are centered at 1094 cm™' and 1032 cm® [Sx] The phosphate v; bond is seen at 1024.05 cm’
! for the reaction at 37°C and 1023.87 cm’’ for the reactlon at 75°C. v; band for the
stoichiometric hydroxyapame is located at 1030 cm”, besides for non-stoichiometric
hydroxyapatite v; band is located at nearby 1020 cm™'[9]. The band comes from water is seen
very weak at 3248.50 cm! for the reaction at 75°C. The peaks at 1200 cm™ and 1600 cm’
interval represents the trigonal BO; bonds in the structure [5]. Trigonal BO; bond is seen at the
37°C experiment’s curve but gives weak Peak when the temperature is raised to 75°C. v3
phosphate bands are seen at 1023.33 cm’ at 37°C and 1022.54 cm™ at 75°C for 3 hours
experiment. The intensity of the phosphate band increases as the temperature increment while the
BO; bond intensity is weaker than | hour experiment because of the increase in B;O3 dlssolutlon
rate by time. For the 6 hours experiment the phosphate bonds are seen at 1023.09 cm’ !at 37"C
and 1023.31 cm™ at 75"C In the 12 hours experiment, phosphate bonds are seen at 1022.03 em’!
at 37°C and 1022.71 cm™ at 75°C.

Figure 4. FTIR spectra for the samples that was in K;HPO, solution before heat treatment
(a) 1 hour (b) 3 hours (c) 6 hours (d) 12 hours

The FTIR data before the heat treatment for the reactions that were done with (NH4)2HPO4 are
seen in the Fig.5. Phosphate bands are seen at 1025. 56 cm’ at 37°C, 1025.70 cm™ at 75°C for 1
hour experiment; 1025.38 cm at 37°C, 1025.12 cm™ at 75°C for 3 hours expenment 1022.52
em’ at 37°C, 1024.84 cm™ at 75°C for 6 hours experiment and 1023.30 cm™ at 37°C,
1025.76 cm™ at 12 hours experiment. The band strengths are getting stronger as both the time
and temperature increment.
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Figure 5. FTIR spectra for the samples that was in (NH,),HPO, solution before heat
treatment (a) 1 hour (b) 3 hours (c) 6 hours (d) 12 hours

FTIR spectra analysis for the reactxons done with H3P04 solution is seen in Fig.6. For 1 hour
reaction, the peaks 3161.50 cm 'at 37°C, 3475.55 cm’ and 3158.70 cm™ at 75°C represent O-H
stretching bonds. 1644.15 cm™ at 37°C and 1643.83 cm™ at 75°C is for the H-O-H bonds that
come from free water substance of the structure The peaks rePresent asymmetric sn'etchmg of
PO bonds are seen 1123 21 em’, 1055.05 cm™ and 984.82 cm™ at 37°C; 1122.71 cm™ 1054 34
cm’! and 984, 82 cm’! at 75°C [10 11,12]. P-O(H) sn'etchmg bonds are seen 869 11 cm™ at 37°C
and 868.20 cm™ at 75°C [13]. The peaks of 768.08 cm™ at 37°C, 783.26 cm™ and 868.20 cm™ at
75°C represent the B-O bending bonds that come from B,0; ﬁ'om the structure. For 3 hours
reaction, O-H stretching peaks are seen between 3150-3480 cm™, H-O-H peaks that come from
hydrate structure is seen nearby 1644 cm™; PO peaks are at 948 1123 cm ; P-O(H) stretching
peaks are at ncarby 868 cm™' and B-O bendmg Peaks are at 780-790 cm™! . For 6 hours reaction,

O-H stretching peaks are seen nearby 3160 cm™, H-O-H peaks that come ﬁ'om hydrate structure
is seen nearby 1643 cm’'; PO peaks are at 948- 1123 cm ; P~O(H) stretching peaks are at nearby
869 cm! and B-O bendmg peaks are at 780-795 cm’' For 12 hours reaction, O-H stretching
peaks are scen nearby 3160 cm™, H-O-H ?eaks that come from hydrate structure is seen nearby
1643 cm’'; PO peaks are at 984-1124 cm''; P-O(H) stretching peaks are at nearby 869 cm™! and
B-O bending peaks are at 785-792 cm™’.
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Figure 6. FTIR spectra for the samples that was in H3POj4 solution before heat treatment
(a) 1 hour (b) 3 hours (c) 6 hours (d) 12 hours

The XRD pattern for the 1 hour reaction that was happened in K;HPO; solution before the heat

treatment contains 16° and 32° 26 peaks that represents hydroxyapatite in both 37°C and 75°C

temperatures [7]. In the 37°C reaction, the dominant structure is calcium borate hydrate
(CazB;0017.5H,0) is seen in Fig.7.

Figure 7. XRD patterns for 1 hour reactions.
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Calcium borate hydrate is also dominant in the 12 hours reaction that is seen in Fig.8. The heat
treatment in 700°C with 10°C/min temperature rise was applied on the sample for 3 hours and its
effect is seen in Fig.9. The XRD patterns show that the apatite structure is formed and boron is
diffused into the hexagonal system that was made by calcium and phosphate bonding [14].

Figure 9. XRD patterns after 700°C heat treatment.
Calcium borate hydrate structure is seen in the XRD patterns of the products of the (NH,),HPO,

solutions at 15.78° and 31.82° in Fig.10 [7]. After the heat treatment, hyroxyapatite peaks are
seen in the structure.
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Figure 10. XRD patterns of (NH4);HPO, (a) 12 hours reaction without heat treatment
(b) 12 hours and 37°C temperature reaction with 400°C heat treatment for 3 hours.

The XRD patterns of the selected cases for the H3PO, reactions (Fig.11) show that the structure
of the colemanite remains but with the direct proportion to temperature and time, brushite
(CaHPOQ,4.2H,0) is seen in the structure. After the 400°C 3 hours heat treatment, the water that
was bonded to the structure is vapoured and the brushite turns into the monetite (CaHPO,) [7].

Figure 11. XRD patterns of H3PO, (a) 12 hours and 75°C reaction without heat treatment
(b) 12 hours and 75°C temperature reaction with 400°C heat treatment for 3 hours

SEM images of the selected samples are seen in Fig.12. Plate like surface and the porous
structure is seen in the 6 hours 37°C and 75°C temperature experiments that were made in
K>HPO, solutions [6,15]. For the experiments with (NH4):HPO, solutions, after the 700°C heat
treatment the plate like surface is obtained. Besides, calcium phosphate substances are formed on
the plate like surface before the heat treatment [3,16].
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Figure 12. SEM images of (a) 6 hours and 37°C reaction in K,;HPO, solution with 700°C heat
treatment (b) 6 hours and 75°C reaction in K;HPOj4 solution with 700°C heat
treatment (¢ ) 12 hours and 75°C reaction in (NH,);HPOj4 solution (d) 12 hours and 75°C
reaction in (NH4),HPOj4 solution with 700°C heat treatment

XRF analysis of some selected products that was made in the K;HPO4 solutions is seen in the
Table I1. 1t is seen that non-stoichiometric hydroxyapatite structure is formed in the reactions,
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Table II. XRF analysis

CaO | P,Os | Ca/P

3hr75°C | 49.08 | 36.89 | 1.68
6 hr37°C | 53.29 | 36.92 | 1.82
6 hr 75°C | 4898 | 35.73 | 1.73

Conclusions

The apatitic structure was successfully obtained from colemanite using basic phosphate solution.
The products from the reactions that were made in both K;HPO4 and (NH4);HPOy solutions have
hydroxyapatite structure after the heat treatment. It was concluded that B,O; substance in the
powder was diffused into the hexagonal cage system after the heat treatment. In the SEM
images, it is seen that the plate like surface is formed after the heat treatment but the heat
treatment causes cracks on the surface. Apatitic structure cannot be gained in the acidic
phosphate solutions; however, monetite and brushite formation was obtained in the H3;POq
solutions.
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Abstract

Setting of concrete material is defined as the transitional period between states of true fluidity
and true rigidity. Initial and final setting times are measured in the laboratory on the mortar
sieved from the mix in a controlled environment where temperature and moisture values are
constant. On the other -hand, field applications are held in outdoor environments where
environmental variations have direct impact on setting time values. In this study, initial setting
time of class K concrete, usually used for bridge decks and concrete pavements, are investigated
highlighting discrepancies between laboratory and field measurements. 72 mixes have been cast
in variable environments and collected data from concrete mixes and the ambient conditions are
reported. In light of the collected data, the effects of variable setting times on early age cracking
of concrete material are studied and means to minimize such cracks are presented.

Background

Setting of concrete material is defined as the transitional period between states of true
fluidity and true rigidity [1]. Continuous hydration of the cement within the matrix
transfers the mix from a state of setting to hardening. Initial and final Setting times are
measured in a laboratory setting following ASTM C 403 specifications. Initial setting
approximates the time at which the cement paste can no longer be plastic under
compaction (or can be handled in a proper fashion), while the final setting approximates
the time at which hardening occurs. The standard test described in ASTM C 403 is
conducted on the mortar sieved from the mix (paste passing from 4.75 mm sieve opening).
Initial and final settings are described as the elapsed time after the initial contact of water
and cement till the mortar reaches a penetration resistances of 3.5 MPa (500 psi), and 27.6
MPa (4000 psi) respectively.

Temperature evolution of the concrete mix plays a leading role in defining the paths to

setting then hardening of the concrete material. Much experimental data put into evidence
that temperature plays a significant role in the development of concrete strength during
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the curing process [2]. Mathematical models that describe early age hardening of concrete
mixes incorporate temperature effects in their formulation [3, 4]. The most known of those
is the maturity method, that provides an equivalent age of the concrete mix based on the
mix's temperature time history, in reference to a known temperature. The method is
described in ASTM C1074-98 where the maturity index is expressed in terms of a
temperature-time factor and equivalent age established from recorded temperature
history of the concrete in the field.

While setting times of a concrete mix are measured in a controtled laboratory environment, the
actual application of any mix takes place in the field, where temperature, relative humidity, solar
radiation, and wind velocity cannot be controtled. This work sheds some light on discrepancies
between initial setting results obtained from laboratory measurements versus those obtained from
the field, and offer analysis on the contribution of such discrepancies in early age cracking of
bridge decks.

Experimental Program

Six class K concretc mixes (M; to Mg) were designed and cast in the laboratory as well as in
vatious outdoor envitonments. Each mix composition featured either a set accelerator or a set
retarder admixture that gives a variety of setting times for each mix. An additional plain concrete
mix was also cast as a reference. Such mixes were subjected to a variety of environmental
settings which constitute typical pouring days during late spring and summer seasons in West
Vitginia. During this construction period, the average high temperature is around 29°C (85° F)
with peaks of 35°C to 40°C (95°F to 105°F) around noon. Typically, this ambient temperature is
sustained during the afternoon, and decline to around 25°C- to 20°C (77°F to 68°F) during the
early evening. The purpose of this set of tests is to gather an array of data that describe the
environmental elements and their effects on concrete curing, specifically setting times and heat
of hydration, Sets of slab specimens 0.3m»0.25mx0.13m (12inx10inx5in) of each mix are cast
outdoors at four different times along the day. The selected pouring times are:
T,: between 9:00 AM and 10:00 AM; (morning pour)

Ty: between 12:00 PM and 01:00 PM; (early afternoon pour)
Ts: between 02:30 PM and 03:30 PM; (afternoon pour)
Ts: between 05:00 PM and 06:00 PM; (early evening pour).

Time of initial set was evaluated through penetration tests on prisms of dimensions
0.20mx0.20m*0.13m (7.5in%7.5inx5in). Those were manufactured with mortar sieved from each
batch of concrete and exposed to the same ambient conditions as the slab specimens. Two curing
measures were applied 1o the concrete specimens in order to control the rise of temperature as a
result of exposure to solar radiation and to prevent water evaporation from exposed surfaces. For
this purpose, for each mix, two sets of samples were tested. The first set was cured with wet
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burlap wrapped with a white polyethylene sheets while the second set was cured with a white
pigmented resin-based curing compound.

The total number of 72 mixes was cast outdoors for this study. Each cast (T, to T4) defined
above consisted of one sample of the accelerated or retarded mix cured with wet burlap and
polyethylene sheets; another similar mix sample sprayed with the curing compound and one
reference sample of plain concrete mix that was cured with wet burlap and polyethylene sheets.
For every set (three specimens), temperature time history was recorded at an interval of 10
minutes for at least twenty four hours after casting. A thermistor type YSI 44005 with an
accuracy of + 0.5° C was embedded into each specimen to provide temperature data while a data
acquisition system model 8020 and multiplexer model 8032 manufactured by Geokon Inc. were
used for data collection and storage.

A weather station model WMR200A manufactured by Oregon Scientific was installed at the site
to provide records of environmental data. The weather station recorded continuous data of air
temperature, relative humidity, wind speed and direction, barometric pressure and rain fall.
Setting time penetration tests were performed both in open air and in the laboratory on samples
of mortar sieved from each batch of concrete and subjected to the same ambient conditions and
curing measures. Figure 1 shows the concrete specimens while being cured in an outdoor
environment, while Figure 2 demonstrates measurement of setting time through penetration tests.

Figure 1 Curing of concrete specimens in outdoor environment
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Concrete Mix Composition

This study is carried out using Class K concrete, satisfying the requirements of the West Virginia
Division of Highways [5] which are usually intended for bridge decks, sidewalks, parapets, and
median barriers as a part of the bridge superstructure. Class K concrete was prepared at the
laboratory using Type I Portland cement, type F fly ash provided by HeadWaters Resources, No.
57-67 limestone coarse aggregate and silica sand. Two admixtures (Sika air entertainer AEA-14
& High Range Water Reducing Admixture Sikament 686) were added in order to obtain required
entrained air and adequate workability respectively; without the addition of excessive water.
Table 1 summarizes the mix composition of concrete material used in this research.

Set retarding admixtures consisting of BASF POZZOLITH-100XR with concentration of 130
ml/100kg, SIKA PLASTIMENT with concentrations of 130 and 105 ml/100kg were used
respectively for the 3 concrete mixes carrying set retarding admixtures. SIKA PLASTOCRETE
161FL with concentrations of 392, 2288, and 6080 (ml/100kg) were adopted for those 3 set
accelerated mixes.

Figure 2 Measurement of concrete setting time
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Table 1 Materials and Mix Proportions used for Class K Concrete.

Nominal
Material Proportions
(kg/m’)

Type 1 Portland Cement 300
Class F Fly Ash (19% of cement weight) 57
Coarse aggregate No 57 - SSD 946
Fine aggregate - SSD 829
Water 142

Air content 7%

Air - entraining admixture 85 ml/100 kg
HRWR admixture 850 ml/100 kg
Water/cement binder ratio 0.40
Water + Admixtures/cement binder ratio 0.41
Total Weight including liquid admixtures 2277

Results and Analysis

Figure 3 illustrates an example of temperature evolution of Mix 3 recorded while curing in an
outdoor environment. In this plot, the zero on the horizontal axis corresponds to 8:00 AM. As
can be noticed, although same mix properties and similar curing measures are cast along the day,
the temperature evolution of such mixes follow different patterns depending on the ambient air
temperature and relative humidity. Similar plots could be obtained for the other mix
compositions. Table 2 lists maximum temperature values measured for the test mixes while they
are set to cure in wet burlap and plastic sheets in various environments. The overall trends
indicate that peak temperatures tend to decrease as time of pouring advanced through the
afternoon and early evening. Accelcrated mixes displayed the closest peak temperatures values
for those specimens poured during T1, T2 and T3. Comparing temperature evolutions of samples
cured with Wet Burlap opposed to the Curing Compound indicate that the concrete temperature
patterns for the curing compound follow similar trends but with smaller amplitudes with a range
difference of 3°C (5°F) to 8°C (14°F). A possible reason is that the white pigment of the curing
compound, which according to the manufacturer is 65% light reflective, was more effective than
white plastic sheet in reflecting solar radiation. Another factor that can be considered here is that
the plastic covers limit the exposure of concrete surface to air and wind, thus contribute to the
increase in concrete temperature {6]. Since temperature evolution curves are correlated to mix
setting times, it was expected that measurements of times of initial settings will vary accordingly.
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Figure 3 Temperature evolution of Mix 3 cast along the day in outdoors environment

Table 3 lists average results of times of initial settings measured both in the laboratory, compared
to those measured in the field. Clearly the effectiveness of set retarders was diminished when
samples were exposed to ambient conditions where continuous changes in temperature and
humidity occur along the day. On the other side, the set accelerated mixes experienced faster
setting times in the ficld than those cast in the laboratory environment.

The maximum reduction in times of initial setting in field conditions compared to those
measured in the laboratory were found for those mixes poured around noon and mid afternoon
for which ambient temperatures reached maximum values and remained at similar levels for at
least three hours. After this time period, times of initial setting increased as ambient temperature
decreased. This behavior is shown more evident in mixes M1, M2, and accelerated mixes M4
and M5.

It is evident from the initial setting time results, that conducting such measurements on concrete
samples in the laboratory is not indicative of such mix behavior when cast in the field. The
discrepancy between laboratory and field measurements in both, maximum curing temperature or
initial setting time values, as listed in Tables 2 and 3 amounts to as much as 100 %.
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Table 2 Peak temperatures of concrete mixes measured in various environments (°C)

Mix ID Plain conc. Set retarded mixes Set accelerated mixes
Reference M, M, M, M, M, M,
Laboratory 28 26 27 27 29 28 27
Field-T1 45 51 36 41 43 42 37
Field-T2 42 47 36 44 43 40 37
Field-T3 41 42 35 43 42 40 43
Field-T4 36 38 30 41 37 37 35

Table 3 Times of initial setting of concrete mixes measured in various environments (hours)

Mix ID Plain conc. Set retarded mixes Set accelerated mixes
Reference M, M, M, M, M, M,
Laboratory 59 10.6 9.3 8.1 53 39 2.8
Field-T1 3.67 53 6.23 5.35 2.98 3.00 231
Field-T2 3.64 4.19 5.55 444 2.82 2.37 2.14
Field-T3 2.82 383 6.07 4.03 2.82 249 2.14
Field-T4 3.35 4.86 6.58 3.92 3.14 2.57 2.33

In light of the measured setting times and temperature values for mixes cured in the field
environment, it is evident that utilizing a unique mix composition and curing measure to pour a
bridge deck segment that might take an entire working day will produce non-uniform deck
regions. Despite the fact that compressive and tensile strengths of all mixes were found
satisfactory, variations in the thermal and mechanical properties of different parts of the deck are
bound to occur, which will lead to variations in the deck response to environmental changes.
Expansion and contraction of different parts of the deck will vary in response to temperature
increase or decrease. Temperature gradients developed across the deck thickness will also have
another curling effect that will become non-uniform along the deck surface. Such a variation in
behavior in adjacent parts of the deck would ultimately lead to initiation of cracks especially in
the early age, when the concrete material is still to develop its full tensile strength. From another
perspective, it is required by the WVDOT bridge design manual that the initial concrete stays
plastic over the entire casting operation of the poured segment. According to the current pouring
practice, this requirement is obviously almost impossible to meet. Therefore, it is recommended
to design a pouring sequence for bridge decks that takes into account the field environmental
effects on properties of fresh concrete mixes. This can be done by utilizing set accelerators for
those mixes cast in the afternoons, and set retarders for mixes in the morning pours in a sequence
that would reduce the variation in initial and final setting times between such pours. This can
only be done if the initial setting time of concrete mixes could be estimated in field conditions.
Once applied, the entire deck would have uniform thermo-mechanical properties, and a
substantial reduction in the potential for early age cracking would be accomplished.
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Conclusions

In this investigation, variations in values of initial setting times of class k concrete mixes versus
those in field applications are studied. More than 72 mixes were cast both in the laboratory, and
also in various field conditions along normal summer working days in West Virginia with a wide
range of setting times using set accelerators and set retarding admixtures. The collected results
indicate that initial setting time measurements conducted in laboratory environments do not
represent actual field performances of such fresh mixes. Discrepancies amounting up to 100%
difference were observed when comparing measurements in the laboratory versus those in field
conditions in both maximum temperature as well as values of initial setting times. When pouring
a bridge deck along an entire day with a unique mix composition, variations in mix setting times
are bound to occur along the day, producing non-uniform segments of the deck. In order to
reduce the potential for early age cracking, a pouring sequence taking account the effects of
environmental conditions on the properties of fresh concrete mixes must be designed.
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Abstract

With the purpose of decrease environmental impact, caused by industrial residues (just discarded
in the environment) and clay extraction in the ceramic industry, sanitary ware wastes were
incorporated into clay. In contrast, it is important to evaluate not only the technological essays
but also gases emissions in the ceramic firing process. The pollutant gases emitted in ceramic
with residues can be in much larger concentrations than that in a pure clay ceramic firing or, on
the other hand, can decrease the pollutant gas concentrations. With the aid of thermal analyses
and photoacoustical techniques it was observed that sanitary ware waste can reduce the CO2
emission. The gas emissions were shown as in function of firing temperature from 300 °C to 1100
°C. In order to analyze phase transformations during the firing process, clay samples and wastes
were both analyzed by x-rays fluorescent chemical analysis and x-rays diffraction.

Introduction

Research works on the structural and physical changes that wastes, mainly industrially produced,
cause to the final ceramic product has been rapidly expanding in these last two decades. See, for
instance references in [1]. In spite of these examples of a continuous effort to incorporate wastes
into clay ceramic motivated by technical and economical advantages, environmental issues are
still a matter of concern. However, the gas emission due to the clay firing process and its related
atmospheric pollution may be enhanced as a consequence of an incorporated waste [2]. It is
known that the firing of clay ceramics in conventional furnaces using fuels such as wood,
charcoal, heavy oil and natural gas generates appreciable amounts of gaseous components,
mainly carbon dioxide (CO;), carbon monoxide (CO) and methane (CHa). Additionally to the
atmospheric pollution, these gas sets could be harmful to the human health and can corrode
equipments [3,4].

Works on the effect of gas emission caused by the firing of clay ceramics incorporated with
industrial wastes are practically inexistent. Therefore one of the mean objectives of this research
was to investigate the gas emission resulting from the firing of clay ceramics incorporated with
different industrial residues. Here, sanitary ware mass wastes were incorporated to the clay and
already commercialized by a ceramic industry of Sdo Paulo state.
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Moreover, one of the main ceramics features was not yet well concerned by the community, that
is, its thermal behavior. Urban buildings of equatorial and tropical countries are often subjected to
constant solar radiation. Thus, thermal properties play a significant role in the quality of end-
products. While technological properties of those materials are frequently found in the literature,
information about the thermophysical characteristics of red ceramics is very scarce [5,6].

In order to show methodologies to characterize ceramics here depicted, the samples under study
were clay ftom S#o Paulo state, Firstly, the raw materials without residues, named from now one
CLAY is presented and throughout characterized. In a second stage, the aggregation of the
residue is pointed out and named here as CLAY 20. Characterizations are performed and
compared with CLAY.

Ceramic Samples and Methods

The raw material was collected from & neocenozoic sedimentary soil placed in Jundiai city, 60
Km far from Sfo Paulo city in S#io Paulo state. About 20 kg of material collected in situ were
dried, grounded, and passed through a sequence of sieves yielding a homogeneous powder with
particle size smaller than 75 pum, corresponding to 95 % of the original mass. According to their
chemical propertics they can be considered fluxes clays mainly by the alkaline elements (Na20O,
K10, CaO and MgO), which are responsible for the ceramic sintering. The high values of Na,O
+ K0 come from the minerals illite and albite, while CaO + MgO are linked with calcite and
dolomite minerals. To put side by side, samples of pure clay and clay with 20 % of sanitary ware
mass wastes were considered for this research.

For measurements, a quantity of the powder was mixed with water and then extruded at 36 MPa
into a rectangular prismatic mould with a 20x10 mm cross-section, cut into bars 100 mm long
which were left drying in air for two weeks at room temperature. Before the firing process, the
samples were placed in an oven at (110 £ 5 °C) for 24 hours.

To simulate the continuous sintering process of the ceramic material up to 1100 °C, and to
accompany the changes that occur, 8 thermal treatment steps were chosen, each step being
denoted Ty henceforth. The heating cycle was such that the sample was heated at a rate of 2
°C/min up to 600 °C, left at this temperature for one hour, and then heated at a rate of 4 °C/min
up to the selected firing temperature, where it was left for 3 hours before cooling down to room
temperature at a rate of 1.5 °C/min.

Characterization by X-Ray

The chemical composition and crystalline phases of the raw material with and without residues
and only of the residues were presented. The microstructure of the samples as in function of the
firing temperature was represented by X-ray diffractions.

The chemical characterizations were obtained by energy dispersive X-ray spectroscopy (EDS),

using a SHIMADZU equipment. The resulting values of this quantitative analysis are shown in
Table 1.
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Observing Table 1 we can classify the clay as flux-based clay (higher fluxes oxides), as explained
in the previous section. In addition to SiO; and Al;Os, there are considerable amounts of Fe,Os,
K>0, and TiO,, which is favorable for red ceramics production. Iron oxide accounts for the
bodies’ red pigmentation after firing. The residue is a silt-clay with very low plasticity which
should enhance the structural quality of the ceramic.

Table 1. Chemical composition of the clay and the sanitary ware mass residue (wt.%).
Oxides in wt% CLAY Sanitary ware
mass residue
Si0, 59.61 64.8
Al,O3 21.19 21.5
MnO 0.048 0.06
MgO 1.07 0.78
Ca0O 0.33 0.32
Na,O 0.12 0.51
K20 2.33 2.53
TiO, 0.944 0.89
Cl'203 - 0.05
P20s 0.13 0.13
SO3 - 0.06
Fe203 5.45 5.96
Zn0O - 0.03
ZrO, - 0.13
Lol 9.28 2.25

The X-ray diffraction experiments were performed at room temperature using the Cu Ka radiation of a
Seifert URD65 diffractometer, equipped with a diffracted beam monochromator. Diffractograms were
obtained from 3 to 75° with step sizes of 0.03° and accumulation time of 3 s. From the diffractograms the
sample crystallinities were determined as the ratio between the integrated intensity of the sharp diffraction
peaks to the total area of the diffraction pattem, which includes the non-coherent intensity, It was just
analyzed the 110 °C sample CLAY.

Fig.1. X-ray diffractogram of CLAY at 110 °C drying temperature.
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Fig. 1 shows the XRD patterns of the clay raw material. These diffractograms indicate the
presence of a micaceous mineral, quartz, microcline, and clay minerals.

Fig.2. X-ray digractograms sanitary ware mass residues at 110 °C drying temperature.

Fig. 2 shows the waste of sanitary ware mass diffractogram, which points out the presence of
micaceous material, albite, anorthite, k-feldspars, clay minerals, quartz, and calcite. We observed
a variety of flux materials. Feldspars and microcline are sources of alkaline flux materials, such
as K20 and Na;0, which make possible the formation of a liquid phase above 700 °C [7]. The
fluxing capacity of this residue, which is associated with lower porosity after firing, is also
confirm by the presence of K;O and Na;O containing minerals. Then, the sanitary ware mass is
the source of K,O and Na;O, which act as fluxes to improve the sintering process.

Technological Essays

Considering the technological measurements of the clay and the sanitary ware mass residue, table
2 presents the technological properties of volumetric shrinkage, bending strength and water
absorption for the product at the sintering temperature, considered the best temperature for
commercial purposes.

Table 2 - Technological propetties of end-product ceramic without residue (CLAY) and with
20% in wt of sanitary ware residue (CLAY 20).

Sample Volumetric Bending Strength | Water Absorption
Shrinkage (%) | (MPa) (%)
CLAY 2.1 33 20.3
CLAY 20 1.5 2.6 20.9

Comparing CLAY and CLAY 20, we can infer that no significant changes were observed.

iffusivi ing Ph

acoustical Technique
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Thermal diffusivity, a particular property that evaluates the heat propagation behavior within the
sample, is quite sensitive to the material structure as well as preparation and sintering conditions.
Experiments concerning with thermal diffusivity and samples thickness were performed five and
ten times, respectively, to produce the deviations.

The experimental set-up, the sample is mounted directly onto a commercial electrets microphone
presenting a good linear frequency response above 20 Hz (Omnidirectional back electrets
condenser microphone cartridge, model WM-61A - Panasonic), fixed with a silicone grease,
illuminated by the light beam from a He-Ne laser (Unilaser mod. 025) and modulated with a
mechanical chopper (EG&G Instruments mod. 651), before it reaches the sample’s surface. It
consists of an Open Photacoustical cell (OPC) configuration in the sense that the sample is placed
on top of the detection set-up itself [8]. As a result of the periodic sample heating by modulated
light absorption, the pressure inside the cell oscillates at the chopping frequency and can be
detected by the microphone. The resulting PA signal is then subsequently fed into a field-effect-
transistor (FET) pre-amplifier and leads directly to a “Lock-in” amplifier (Perkin Elmer
Instruments mod. 5210), where it is possible to obtain the photoacoustical amplitude and the
phase signal, which are recorded as a function of the modulation frequency in an appropriate
software program.

According to the model proposed by [9] for thermal diffusion, the equation that leads us to the
pressure fluctuation (3P) in the air chamber is

_ (e,2,)” exp j(an - 2/2)
27, Tk, f  sinh{o,l,)

)
where 7 is the air specific heat ratio, P, the ambient pressure, 7, ambient temperature, /; is the
absorbed light intensity, f is the modulation frequency, and /, ki and @, are the length, thermal

conductivity and the thermal diffusivity of the sample, respectively. Here, the subscripts denote
the absorbing samples (s) and the gas (g) media, respectively, and ¢, =(1+ j)g,, is the complex

thermal diffusion coefficient of / medium. It is assumed in the equation (1) that the sample is
optically opaque/, <</,, where [, is the optical penetration depth. For thermally thin
sample ., >/ ;f<r, where /1 is the thermal diffusion length and  f, =afd? is the cut-off
frequency.

The amplitude of the PA signal for a thermally thick sample decreases exponentially with the
modulation frequency asS,, ocl/ f exp(-b+[f), where b=1l‘1/7r/as . In this case, «,is obtained
from the experimental data fitting from the parameter b.

Taking values of thermal diffusivity from the literature, the cut-off frequency £ is about 5.87 Hz,
i.e. the frequency domain is regarded as thermally thick.

Results and discussion: Thermal diffusivity values are in close agreement with the literature
[5.6,10]. Analyzing the thermal diffusivity and the diffractograms, we can explain that the lower
diffusivity value in 900 °C and 1050 °C is possibly due to the Al-Si rearrangements, owing to a
crystallization process followed by a lattice formation [11]. The kaolinite 241,(OH),Si,0,

evolution, which reaches the spinel phase formation, with an intermediate phase, namely
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metakaolin 24/,5i,0, + 44#,0. The high diffusivity value at 1000 °C could be possible connected
to the liquid phase formation within the beginning of the vitreous phase. The heat can be
transported easier in this kind of phases than through the clay mineral grains. In support of this
explanation for the highest thermal diffusivity, we note the clear modification of structure shown
to occur above 1050 °C. At 1100 °C, the thermal diffusivity decreases. Through sintering at this
tempetature, formation of mullite 2/3(3.41,0,25i,] and cristobalite 5/3Si0,starts from the spinel

phase 4/,81,0,,, as reported by references in Ref. [11]. We suggest that there is a reduction of

liquid phase surface and pores. This is due mainly to formation of mullite, which is characterized
by a high proportion of oxygen vacancies that lead to low thermal diffusivity.

Table 3. Thermal properties of the pure clay and clay with 20% residue as in function of some
possible sintering temperatures.

CLAY CLAY 20
Temperature | Thermal diffusivity | Thermal diffusivity

(°C) (cm¥s) (cm’/s)

900 0.003 + 0.0004 0.008 £ 0.0001
950 0.005 + 0.0000 0.004 £ 0.0005
1000 0.007 £ 0.0000 0.009 £ 0.0008
1050 0.004 + 0.0000 0.006 £ 0.0004
1100 0.004 + 0.0002 0.004 = 0.0009

We note that the aggregation of 20% of sanitary ware mass residue in the clay matrix generates
higher values of the ceramic thermal properties. Probably, in 900 °C took place a pseudo
sinterization due to the presence of alkaline salts (from the waste) in CLAY 20, which could
Justify the high value reached, although the ceramic structure is not well defined.

Pollutant Gases from the Firing of Clay Ceramic Added with Residues

The gas released from the furnace was directly connected to an infrared model URAS 14, ABB
gas analyzer under a suction flux of 0.3 L / min. This gas analyzer detected and quantified
simultaneously CO, CO,, CH4, NO, N;O, NH; e SO,. Gas samples were collected 20 min. after
settled temperature stages of respectively, 150, 300, 450, 550, 650, 800, 950, 1050 and 1100 °C.

The emitted gases from the firing process were quantitatively measured by means of a
photothermal technique. The gas analyzer measurement process is based on resonance absorption
at the characteristic vibrational rotation spectrum bands of non-elemental gases in the middle
infrared range between 2 pm and 12 pm. Because of their bipolar moment, the gas molecules
interact with infrared emissions. For selectivity, the receiver is filled with the applicable sample
components to establish reference and sensitivity to these components (~1 ppm). It consists of the
cell divided into two identical compartments: one in the measuring cell, through which the
sampled ges is flowed, and the other acts as reference, filled with nitrogen. The light emitted
from a hot filament is modulated by a mechanical chopper and divided by a beam splitter. Each
beam goes simultaneously through the measuring cell and the reference cell. The detector
consists of two sealed chambers separated by a diaphragm capacitor. Both chambers are filled
with pure gas of the chemical species under study. The light beams emerged from the sample and
reference cells reach independently the two detector chambers, causing a differential pressure that
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is proportional to the light absorption by the sample. The pressure difference is converted by the
diaphragm capacitor into an electrical signal [12]. A detailed description of the Uras performance
can be found in the literature [13]. Before each sample analyses the cells were calibrated using
pure standard N».

Results and discussion: CO, in the range of 300 °C to 500 °C are emitted due to the organic
matter oxidation. Moreover, the reaction of the kaotinite and goethite dehydroxilation deals to a
metakaolinite, that is, an amorphous phase.

Values reached in this section were just proportional to a laboratory furnace.

Fig. 5. CO; and CO emitted during the ceramic firing process as in function of the firing
temperature.

Figure 5 shows the CO, and CO emissions as in function of firing temperature from the clay
without and with 20% in weight of sanitary ware mass residue. Firstly, we observed that the
addition of the residue diminishes around 15 % the amount of CO, emission. The amount of CO,
emitted between 300 and 550 °C is due to organic matter oxidation and the dehydroxilation of
clay minerals.

Conclusions

Here, red ceramic samples from Sio Paulo state were analyzed as in function of firing
temperature. In order to study the ceramics quality, technological essays were prepared.

The Thermal property of red ceramic samples as well as their crystalline phases was analyzed as
a function of sintering temperature. Photoacoustical technique was used to measure the thermal
diffusivity and the microstructures were identified by x-ray diffraction, in order to compare
structural and thermal features of the samples. It was shown that there is an intrinsic relationship
between the structure and the thermal diffusivity. When the crystalline structure undergoes strong
perturbations the thermal diffusivity values decrease and vice-versa. When liquid phases achieve
the highest concentration at around 1000 °C, the thermal diffusivity shows its maximum peak.
Afterwards, there is a decrease, although the thermal diffusivity maintains high values, due to
mullite enhancement and vitreous phase consolidation in the red ceramics. Considering thermal
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features, it was shown that for this red ceramic, the sintering
1000 °C.

temperature should be greater than
It is possible that sanitary ware residues can attenuate the pollutant gas release from the ceramic
firing. We concentrate in this chapter the CO and COz gases, in order to facilitate the point of
view of our study. It will appear elsewhere the complete set of measured gases from this research.
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Abstract

The effect of La;Os3 content up to 15 wt% on phase stability, sintering and microstructure of
cubic zirconia (8 YSZ) was investigated. XRD results showed that the specimens containing up
to 15 wt% La,O3 were composed of only cubic structure. Also, the specimens doped up to 5 wt%
La;Os revealed no La;O3 peaks, indicating that La,O3 was completely solubilized in the cubic
structure. However, when > 5 wt% La,O; was added, the peak of La;ZrO7 compound emerged,
showing that the overdoped La,O; was not solubilized in the 8YSZ matrix. The lattice parameter
of the 8YSZ slightly decreased with the increasing La;O; content up to 1 wt% but further
increase in the La;O3 amount resulted in an increased lattice parameter. The comparison of grain
size of the 8YSZ specimens with various La,Os content showed that grain size slightly increased
with the increasing La,O; content up to 1 wt% but further increase in the La,O; amount resulted
in a decreased grain size.

Introduction

At atmospheric pressures, three polymorphic forms of ZrO; are stable at different temperatures
i.e. monoclinic, tetragonal and cubic. A high-pressure orthorhombic form of ZrO, has also been
reported[1]. The successful production of pure ZrO; bodies is not possible all the time due to the
large volume expansion associated with the martensitic tetragonal-monoclinic transformation.
This fact restricts the applications of zirconia, in spite of its excellent mechanical and thermal
properties. However, the stabilization of the high temperature polymorphs at room temperature
as stable phases is made possible by addition of suitable dopants. Fully stabilized cubic ZrOz and
partially stabilized tetragonal ZrO, show interesting properties and are widely used as ionic
conductors, coatings and gas sensors in solid oxide fuel cells and structural applications[2]. Most
frequently used dopants include Y203, CaO, MgO and CeO,, although other oxides, such as
those of rare earth elements, can also act as stabilizers of the high temperature structures. The
incorporation of aliovalent cations to the lattice, forming substitutional solid solutions, allows to
control the concentration of anionic vacancies in the structure. This aspect is particularly
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important in designing ionic conductors{3], and is also determinant in the stabilization
process[4]. The process of stabilization with larger ionic radii dopants is rationalized by the
crystal chemxstry model[5], that describes the dopant cations as typnca.l stabilizer when they have
larger ionic size, lower charged state and higher ionicity than Zr**. The ionic radius of Zr**
0.84 A and that for La** is 1.016 A [6].

In addition to the possibility of stabilization of high temperature structures, the ZrO,-La;O;
system includes the existence of La;Zr,O7, with pyrochloric structure [7,8]. This compound finds
application as catalyst{9] and as thermal barrier{10]. It can be synthesized by solid state reaction
between the oxides at 1500-1600 °C, or by the sol—gel process{11]. In this study, the effect of
various amounts of [.a;O; addition on the phase equilibrium, sinterability and microstructure of
8YSZ was investigated.

Experimental Procedure

In this study, 8 mol % yttria stabilized cubic zirconia (8 YSZ) (Tosoh, Japan) powders as a matrix
material and La;O3 powders (Taimei, Japan) up to 15 wt% as an additive were used. The average
grain sizes were 0.3 um for 8YSZ and 0.25 pum for La;Os. The chemical compositions of the
powders used in the experiments are given in Table 1.

Table 1: The chemical composition of the powders used in the experimental works.

wt %
210, Y;0; La0O; TiO: FeO; Na0O; CaO ALO; SiO;
8YSZ 859 136 -~ 0.1 0.003 0.01 0.02  0.25 0.1
La,03 - - 99.99 - 0.003 - 0.005 - 0.002

The specimens for the microstructural investigations were produced by means of colloidal
processing. Doping process was carried out in a plastic container by mechanical mixing of La,O;
up to 15 wi% and 8YSZ powders with zirconia balls and ethanol. Mechanical mixing was done
in & “speks” type mixer at 200 rev/min for 12 hours. The prepared slurries were left to dry for 24
hours by leaving the lid open. After the drying process, the agglomerated powders with medium
hardness were ball milled by a spex for 10 minutes to obtain a good dispersion and to break-up
the agglomerates, The powders obtained were sieved through 60 pm sift, pressed under a 40 MPa
pressure in a single axis die and the pellets with a radius of 10 mm and a height of 4mm were
produced. Inner surface of the steel die was cleaned after each dry-pressing process and stearic
acid was applied to the side walls of the dic. Sintering was carried out in a box type furnace
under normal atmospheric conditions. The pressed pellets were first subjected to a pre-sintering
process at 1000 °C and then sintered at temperatures between 1200 and 1550 °C for | hour at a
heating and cooling rates of 5 °C /min in order to determine the effect of the La;O; on the
sinterability of the 8YSZ. The density of the sintered specimens was evaluated by the ratio
between weight and volume, which was determined by a geometrical method. The relative
density was estimated on the assumption that the sintered body was of the cubic phase and based
on the theoretical density of 5.68 and 6.51 gr/em? for 8YSZ and La,Os, respectively.
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The surfaces of the specimens were ground and polished by normal metallographic way after the
sintering process and the specimens were thermally etched by keeping them in a furnace at 50 °C
below the sintering temperature for 1 hour. Microstructural investigation of the sintered
specimens was done by a Scanning Electron Microscope (SEM Jeol Lv 6060). Grain sizes were
measured by mean linear intercept method.

XRD (Shimadzu XRD 6000, CuK,, A=1.5405 A) was used to determine probable changes in the
crystal structure of various amount of La;Os; doped 8YSZ and lattice parameter of 8YSZ. The
specimens doped with 0-15wt% L.a,O3 were tested between the scan span 0° and 70° at a scan
speed of 0.03 degree/sec and the diffraction angles were measured. The lattice parameters were
evaluated for each composition by using these diffraction angles.

Experimental Results and Discussion

XRD patterns from various amounts of La>O3 doped 8YSZ specimens are shown in Figure 1.
The specimens containing up to 15 wt% La,O3 were composed of only cubic crystal structure.
The specimen doped up to 5 wt% La;Os revealed no La;O3 peaks, indicating that La,O3 was
completely solubilized in the 8YSZ matrix and did not remain in the specimens as a secondary
phase. However, when > 5 wt% [.a,O3 was added, the LaxZr,O7 pyrochloric compound peaks
emerged, showing that overdoped La,O3 was not solubilized in the 8YSZ matrix, forming a
secondary phase of the La,Zr,O7 at high temperatures. It was also seen that this new phase
preferentaially precipitated around and at the grain boundaries of the 8 YSZ. The formation of the
LayZr,O7 pyrochloric compound was due to the different ionic radius and crystal structure of
La™ and Zr™ ions. As known, the ionic radius of La*> with hexagonal structure is 1.016 A and
that of Zr* with a cubic crystal structure is 0.84 A. The pyrochloric structure is defined as two
distinct and intertwined structures. Of these two distinct structures, the first is the one in which
octahedral ZrQOg is sequenced as a cation-centred. The other is anion-centred layout of tetrahedral
LasO.

o © ZrO, with cubic crystalline
O : La,Zr,0, with cukic arystalline
® : La,Zr,Q, compound with hexagonal arystaline
8 &
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Figure 1. XRD patterns of undoped and La;O; doped 8YSZ specimens
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The unification of two octahedral and one tetrahedral structures forms the compound La,Zr,05
with La" cations situated in the hexagonal window of octahedral lattice[12]. The effect of the
LaaO3 addition on the lattice parameter of the 8YSZ is given in Figure 2. While the lattice
parameter of undoped 8YSZ is 5.146 A, it increased to 5.181 A with the addition of 15wt%
La;03. That is, the mean lattice parameter of the 8YSZ increased with the addition of La;0s.
This increase in the lattice parameter, which corresponds Vegard’s rule, can be attributed to the
replacement of La™ ions with Zr* and Y** jons in the cubic crystal of 8YSZ (La* ions, which
dre 20% bigger than the ionic radius of Zr™, increased the lattice parameter of the 8YSZ). The
effect of the La; 03 addition and rate on the sinterability of the 8 YSZ is given in Figure 3.
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Figure 2, Lattice parameter variation of the 8YSZ with La;O3 content.
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Figure 4. Grain size variation of the 8YSZ with La,O; amount

Here, the Lay03 doped 8YSZ specimens were sintered without pressure at various temperatures
for 1 hour after presintering at 1000 °C. As can be seen from the results, the relative density of
the specimens increased with the increasing sintering temperature and decreased with the
increasing La;O3 amount at all temperatures. This decrease in the relative density was resulted
from the porosities in the main matrix and around the grain boundaries especially at high amount
of La;03 doped 8YSCZ specimens. Also, the fact that the La;Zr,07 compound, which is formed
in high amount of La,O3 doped specimens at a high sintering temperatures and precipitated at
the grain boundaries, prevented 8 YSZ grains from touching each other and thus slowed the
diffusion rate of the atoms in the grain boundaries as a result of an increase in grain boundary
diffusion could be one other reason. The change in the grain size depending on La;O3 amount is
given in Figure 4. It can be seen from this figure that up to 1 wt% La;O3 addition increased the
grain size. This increased grain size could be due to the complete dissolution of the La,Oj3 in the
8YSZ structure providing easy diffusion path at grain boundaries. However, further increase in
the La;O3 content led to a decrease in the grain size. This decrease in the grain size can be
explained by the fact that the La>Zr;07 pyrochloric compound, which is formed around and at
the 'grain boundaries at high temperatures, increased grain boundary cohesive resistance by
pinning effect and thus, grain boundary mobility and energy decreased.

The microstructures of the specimens doped with various amounts of La;Oj3 after sintering at
1550 °C for 1 hour are given in Figure 5. The undoped and up to 5 wt% La;O3 doped 8YSZ
specimens have an equiaxed, faceted, uniform and coarse-grained structure (Figure 5 a-c). The
microstructures of the 10 and 15wt% La; O3 doped 8YSZ specimens, on the other hand, involve
faceted 8YSZ grains together with round and smaller La,Zr,0, grains (Figure 5 d-€). It was also
seen in Figure 5 that the porosity amount increased with increasing La2O3 addition. The EDS
analysis, taken from different parts of 15 wt% La;O3 doped 8YSZ specimen are given in Figure
6. While the amount of La*? jons in the 8YSZ grains was 6.438 wt%, this rate was 37.067 wt% at
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the grain boundaries. These EDS results are also an evidence of the existence of the La,Zr,0
pyrochloric compound, which precipitated at the grain boundaries of the 8YSZ.

Figure 5. SEM micrographs of the thermally etched specimens with a) undoped, b) 1wt%, ¢)5
wt%, d) 10 wt% and e) 15 wt% La,Os addition after sintering at 1550 °C for 1 hour.
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Wt (%)

EDS analys Zr''  La™ Y 0*
points
A 63551 6438 13291 16719
B 42994 37.067 4588 15352
C 64552 4734 14271 16443

Figure 6. EDS results of 15 wt% La;O3 doped 8YSZ specimen sintered at 1550 °C for 1 hour.

Conclusions

1) XRD results showed that the 8YSZ specimens doped with up to 15 wt% La;Os have a cubic
crystal structure and no change occurred in the crystal structure of the 8YSZ with the addition
of La;O3. The specimen doped up to 5 wt% La,03 revealed no La,O3 peaks, indicating that
the La,O3 was completely solubilized in the 8 YSZ matrix and did not remain in the specimens
as a secondary phase. However, when > 5 wt% La»O3 was added, the La;Zr,O7 pyrochloric
compound peaks emerged, showing that the overdoped La;O3; was not solubilized in the
8YSZ matrix forming a secondary phase of La;Zr,O7at high temperatures.

2) The relative density of the specimens decrease