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Preface

Developing and optimizing industrial processes to form materials to their desired
size, shape, and microstructure are in turn deciding the products’ properties. This
composition–process–structure–property relationship is the key for any materials
processing routine. Characterization of properties and microstructure is an impor-
tant element in determining critical processing parameters. Recent advances in
characterization instruments have contributed to an in-depth understanding of
materials properties and structure that has enabled much precise process control.

The Characterization of Minerals, Metals and Materials Symposium is sponsored
by the Materials Characterization Committee of The Minerals, Metals & Materials
Society (TMS). The main focus of this symposium includes but is not limited to
advanced characterization of extraction and processing of minerals and the process–
microstructure–property relation of metal alloys, ceramics, polymers, composites,
and electronic materials. New characterization methods, techniques, and instru-
mentations are also emphasized.

The Characterization of Minerals, Metals and Materials symposia are one of the
largest at each TMS Annual Meeting and attract researchers in the field of materials,
minerals, mechanical engineering, chemistry, and physics. At the TMS 2020 149th
Annual Meeting & Exhibition held in San Diego, California, USA, this symposium
received 222 abstract submissions, of which 122 submissions were accepted for
oral presentation in 13 technical sessions, and 100 were accepted as poster pre-
sentations. This proceeding volume includes 72 peer-reviewed manuscripts of
original research. The authors of the papers represent more than 24 countries from
North America, South America, Asia, Europe, Australia, and Africa.

This proceeding publication is a valuable reference for academia and industry
that includes advanced characterization methods and instrumentations that cover a
wide range of research fields. Readers will enjoy the diversity of topics with novel
approaches to process and characterize materials at various length scales.

The editors of this proceeding volume are very grateful to the authors for their
contributions and willingness to share their research findings. The editors would
also like to thank TMS for providing this valuable opportunity to publish this
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stand-alone volume. Appreciations also extend to the Materials Characterization
Committee and Extraction and Processing Division (EPD) for sponsoring the
symposium. The editors also thank the publisher, Springer, for its timely publica-
tion of this book.

Jian Li
Lead Organizer
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Characterization of Iron Ore Sinter
Samples by Automated SEM

Mingming Zhang and Marcelo Andrade

Abstract This paper presents a new mineralogical and textural characterization
solution for iron ore sinter samples using an automated single scanning electron
microscope. It employs a motorized and computer-controlled multiple sample stage.
Mosaic images covering large areas of polished sections are acquired to measure the
volume/weight fraction of mineral compositions (phase fraction calculation is based
on user-defined density per phase). Different classifiers discriminate hematite, cal-
cium ferrite, calcium silico-ferrite, magnesioferrite, calcium silicate and glasses. The
entire process is automatic and produces a full pdf report containing typical images
and the quantification of mineral phases and grain size. This study represents a con-
venient method for analyzing mineral phase and grain size in iron ore sinter samples
that can allow for quicker results in sintering process control and optimization.

Introduction

Iron ore sinter constitutes an important part of total ferrous burden in modern blast
furnace ironmaking operations. Nowadays, most sinter plant operates with large
amount of fine materials and reverts; the characteristics of available sintering feed
and operation conditions of sinter plant vary from time to time, making it difficult
to control and predict production rates as well as sinter quality. Characterization of
mineral phases of sinter is a cost-effective and complementary tool to conventional
physical andmetallurgical testing of iron ore sinter in evaluating and predicting sinter
quality. The understanding of sinter mineralogy also can help improve blast furnace
operation stability and productivity [1]. This is because the porosity of sinter affects
the reducibility of iron ore to pig iron, while its morphological characteristics affect
the reducibility and strength of the iron-bearing material in blast furnaces.

Over the years,many schemes have been developed for characterizing iron ore sin-
ter to classify primary sinter phases such as unreacted and partially reacted hematite
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and magnetite and secondary phases, including prismatic high-temperature silico-
ferrite of calcium and alumina (SFCA), secondary hematite and magnetite, glass,
larnite (dicalcium silicate; Ca2SiO4) and remnant fluxes [2]. Quantification of these
phases has traditionally been carried out by visual point counting method under a
reflective light microscope; recently, new technologies based on automated opti-
cal image analysis, quantitative X-ray diffraction and scanning electron microscopy
have been reported and made available for evaluation. Particularly, mineralogical
quantification through automated SEM including QEMSCAN® can give consistent
and reproducible phase recognition because of its automation and may be more
robust than point counting reflective light microscopy because of its chemically and
backscattered electron (BSE)-based identification [3].

For all SEM-based systems, potential difficulties in mineral phase analysis occur
when phases of similar chemistry such as hematite and magnetite also have similar
average atomic numbers (i.e., similar BSE intensities). It is therefore important to
develop an automated SEM method to differentiate magnetite and hematite based
on surface characteristics of the iron oxides being measured (gray scales, porosity,
texture, etc.) and the degree of ionic substitution in the iron oxides (Mg, Ca, Al and
Mn et al.).

This paper presents an automated SEM method based on stereology and point
counting principle to discriminate and measure major phases and grain size in iron
ore sinter samples. The automated SEM method makes use of software paradigm to
differentiate iron oxide mineral phases with similar chemistry and atomic numbers.
In addition, BSE stabilizers, gun alignment, andmagnification field size, stage height
(working distance) are optimized to determine gray scale of interested phases. The
third point BSE calibration standards are adopted and beam dwell times on specific
point can be increased to enhance identification to improve discrimination between
similar phases. Image analysis and post-processing are also used to eliminate cer-
tain artifacts of analysis. Two sinter samples of different chemistry were prepared
and characterized using the developed method, and the implication of the results
obtained from this quantification method is also assessed. The method presented in
this study can be an expedient way to analyze mineral phase and grain size in iron
ore sinter samples that can allow for quicker results in sintering process control and
optimization.

Materials and Methods

Sample Selection and Preparation

Two set of pot-grate sinter samples were selected as iron ore samples for this study.
For each set of sinter samples, ten sinter pieces in the granulometric fraction of 10
to 15 mm were examined. All the samples were cold mounted with epoxy resin and
subsequently ground and polished. After an initial examination under a reflective
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Table 1 List of samples and their chemical composition

Sinter sample set Total Fe FeO SiO2 CaO Al2O3 MgO CaO/SiO2

2-1 53.06 9.37 5.06 13.80 1.5 3.40 2.73

2-2 53.75 9.67 5.00 12.90 1.3 3.11 2.58

light microscope, the cross-section was covered by an evaporated carbon layer to
make it conductive and suitable for SEM analysis (Table 1).

Mineral Phase Analysis Method by Automated SEM

A JEOL-JXA 50 scanning electron microscope (SEM) with a Bruker Quantax 200
EnergyDispersiveX-ray Spectroscopy (EDS) systemwas used to acquire a backscat-
tered electron image of each sample. The SEM is also equipped with a multiple
sample holder, which makes it easy to analyze multiple samples in one session. The
SEM investigation was carried out with 20 keV energy. The chemical analyses could,
therefore, be used to determine the different types of mineral phases by comparing
these compositions to those reported in the literature [4].

Stereology and point count method were used to correlate the two-dimensional
(2D) SEM elemental analysis data with three-dimensional mineral phase volume
fraction. The classical rules of stereology are a set of relationships that connect the
various measures obtained with the different probes with the structural parameters.
The most fundamental rule is that the volume fraction (VV) of a phase within the
structure is measured by the area fraction (AA) on the image, or VV = AA [2].
Another way to describe the relationship is, <PP> = VV where VV is the volume
fraction occupied by the phase being counted and the brackets around <PP> signify
the expected value for this normalized count, in this case the point fraction. For
example, if 100 points are sampled, and 50 are hematite, 35 are calcium ferrite
and 15 are glasses, then the volume fraction is estimated at 50% hematite, 35%
calcium ferrite and 15% glasses. A key aspect of point counting is in the sampling;
this criterion is realized by using a rectangular grid of points with equivalent space
between all adjacent rows and columns of points. The point count method is most
efficient when the grid spacing is such that adjacent points rarely fall within the same
feature, cell or region in the image (they are then said to be independent samples of
the structure). An advantage of this method is that when the hits produced by the
point grid are all independent, the number of hits can be used directly to estimate
the measurement precision. After the volumetric fractions were obtained from point
counting method, the mass fractions of the mineral phases were computed based on
their theoretical densities as shown in Table 2.

During the automated SEM analysis, the grid points in each field are analyzed.
Point counting method uses program logic for moving to a sample, subdividing
sample surface into fields and moving to fields, collecting field images, collecting
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Table 2 Mineral phase distinction in automated SEM [4]

Mineral phases Formula Density (g/cm3) Approx.
chemical
composition

Automated SEM

Magnetite FeO · Fe2O3 5.1–5.2 72% Fe, 28% O Fe and O signals
above threshold
value

Magnesioferrite MgO · Fe2O3 4.8–5.0 56% Fe, 32% O,
12% Mg

Mg, Fe and O
signals

Calciomagnetite (Ca, Fe)O
Fe2O3

5.2 68% Fe, 28% O,
4% Ca

Fe and O signals
with low Ca
signatures

Wustite FeO 5.9 78% Fe, 22% O Fe and O signals
close to
threshold value

Hematite Fe2O3 5.2–5.3 70% Fe, 30% O Fe and O signals
below threshold
value

Calcium ferrite CaO · 2Fe2O3 4.4–4.5 61% Fe, 30% O,
9% Ca

Fe and O signals
with high Ca
signatures

Calcium
silico-ferrite

3CaO · SiO2
· 5Fe2O3

4.0–4.3 56% Fe, 32% O,
9% Ca, 3% Si

Ca, Si, Fe and O
signals that may
contain Al

Calcium
silicates

xCaO · ySiO2 2.8–3.3 34% Ca, 24%
Si, 42% O

Ca, Si and O
signals (may be
different
according to
CaO/SiO2 ratio)

Glass SiO2 2.7 47% Si, 53% O Si and O signals

and processingEDS spectra, storing particle data, processing stopping criteria, etc.At
each point, an EDS x-ray spectrum is first collected, then its elemental composition
is quantified, and backscatter intensity is measured with long-term averaging and
finally, its mineral species is determined via classification rules. The points can
be excluded via thresholding (e.g., exclude sample mounting material). Pseudo-
geometry is stored for each point to facilitate post-analysis computation of phase
fractions, assay, deportment, etc.

Results and Discussion

Modal mineralogical results obtained by SEM-based image analysis for the two
set of sinter samples are shown in Fig. 1 and Tables 3 and 4. The most common
elements in iron ore sinter were analyzed including O, Mg, Al, Si, K, Ca, Mn and Fe.
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Sample 2-1 Sample 2-2 

Fig. 1 SEM micrographs of two iron ore sinter samples with point spectrum analyses

Elemental results obtained from each grid point were recalculated to determine the
compositions of the different phases present in the sinter samples. The results were
clustered according to the elemental analyses and the results recalculated to fit the
phases present (i.e., hematite, magnetite, calcium ferrites, calcium silicates, calcium
silico-ferrite, calcium silicates and glasses et al.). The main phase composition and
grain size of sinter samples are given in Table 5.

Most iron minerals in both sets of sinter samples are hematite/magnetite (47.10%
and 48.40%, respectively), followed by calcium ferrite/SFCA (30.80% and 26.22%,
respectively), calcium silico-ferrite (14.7% and 16.50%, respectively) and wustite
(5.86% and 7.77%, respectively). Minor iron minerals are carried by magnesioferrite
(0.05% and 0.01%, respectively), while other iron-bearing minerals are less than 1%.

The mineral phase analysis results based on the automated SEM method agreed
well with chemical analysis results on the two sets of sinter samples. The higher
mass fraction of hematite/magnetite and wustite in sample 2-2 is consistent with the
higher iron content in chemical analysis results of sample 2-2. The higher basicity
of sample 2-1 was also confirmed by more calcium ferrite/SFCA mineral phases in
sample 2-1 comparting to that of sample 2-2. The differentiation between magnetite
and hematite is primarily based on the surface characteristics of iron oxides being
measured (gray scale values, porosity and texture) and the degree of ionic substitu-
tion being encountered in the iron oxides (Mg, Ca, Al and Mn). However, detailed
calcium ferrites and SFCA classification were not easy because classifications of the
two phases were based primarily on morphological schemes rather than chemical
schemes in addition to inconsistent definitions reported on SFCAs and calcium fer-
rites [5, 6]. Particularly, the definition of SFCA and SFCA-I phases on the basis of
chemical analysis was only partially successful, with uncertainty due to limited res-
olution of data for individual point analyses and problems in direct correlation with
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