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Preface

Materials characterization is a vital part in all science and engineering practice,
as it is a fundamental process to achieve a good understanding of the processing-
microstructure-property relationship. Various advances in characterization tech-
niques and instruments in recent years have contributed, in a significant way, to
an in-depth understanding of materials properties and structure on different scales.
This enhanced understanding has also made profound impacts on process efficiency
of existing industrial processes, and the ways of minerals, metals, and materials
application in many fields.

This year, the Characterization of Minerals, Metals, and Materials symposium
received 126 abstract submissions, of which 46 papers were accepted in 8 technical
sessions. This symposium is among one of the largest in the TMSAnnual Meeting &
Exhibition. The proceedings volume includes state-of-art techniques used in modern
minerals, metals, and materials characterization, and the latest research in the field of
materials engineering and technologies. This proceedings publication is a valuable
reference for academia scholars and industry professionals who are interested in
advanced characterization methods and instrumentations that cover a wide range
of research subjects. Readers will enjoy the diversity of topics in this book with
innovative approaches to process and characterize materials at various scales and
levels.

The Characterization of Minerals, Metals, and Materials 2022 symposium is
sponsored by the Materials Characterization Committee under the Extraction &
ProcessingDivision (EPD) of TMS. Themain focuses of this symposium include, but
are not limited to, advanced characterization of extraction and processing ofminerals,
process-microstructure-property relation of metal alloys, ceramics, polymers, and
composites. New characterization methods, techniques, and instrumentations are
also emphasized.

As a lead organizer of this symposium, I would like to take this opportunity to
express my sincere gratitude to all authors for their contribution and generosity to
share their research work. On behalf of the organizing committee, I would like to
thank TMS for providing us the valuable opportunity to publish this stand-alone
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vi Preface

proceedings volume. Much appreciation is also extended to the EPD for sponsoring
this symposium.

Most importantly, the success of this proceedings publication would not be
possible without the fabulous contribution and support from all members of the
Materials Characterization Committee. I also would like to thank our publisher,
Springer, for their timely and quality publication of this book.

Mingming Zhang
Lead Organizer
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Challenges Concerning
the Characterization of Cementite
in Low Carbon Steel Using Electron
Backscatter Diffraction

M. K. O’Brien, S. K. Lawrence, and K. O. Findley

Abstract Understanding the location and morphology of cementite precipitation
in steel has long been addressed almost exclusively with transmission electron
microscopy, particularly in low carbon steels. However, scanning electron beam tech-
niques such as electron backscatter diffraction (EBSD) could leverage automated
diffraction pattern analysis and high scan rates to improve statistics in cementite
analysis. This paper discusses challenges specific to EBSD through the lens of a
case study concerning low carbon microalloyed pipeline steel. Correlations between
secondary electron (SE) and EBSD micrographs of a low carbon, microalloyed steel
etched with 2 pct nital could not effectively verify the presence of cementite identi-
fied using EBSD. Pixels identified as cementite by the EBSD software often held a
43.6° || <100> axis/angle relationship reflected in grain boundary texture misorienta-
tion distributions. Further investigations of the ferrite/cementite interfaces displaying
this 43.6° || <100> relationshipwere undertaken byutilizing pole figures of threewell-
known orientation relationships (OR) between ferrite and cementite, which resulted
in the best match with the Bagaryatskii OR. Some questions concerning interaction
volumes and indexing/phase identification algorithms are presented with respect to
cementite characterization, as well as a proposal for future work to consider possible
pseudosymmetric phenomena in specific ferrite orientations.

Keywords EBSD · Cementite · Phase identification

Introduction

Low carbon, microalloyed steels are often used in applications where weldability
is a concern. Strength is achieved using complex thermo-mechanical processing
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schemes. Microalloying elements such as niobium and vanadium are added with
the intention of high temperature precipitation in austenite during rolling such that
subsequent rolling at temperatures below the temperature for recrystallization results
in grain refinement as the precipitates pin grain boundaries. Further strengthening
can also be achieved by accelerated cooling upon completion of finish rolling, which
can result in non-equiaxed ferrite with M/A constituents, also known as granular
bainite.

There are several techniques that have traditionally been used to characterize the
size and spatial distribution of cementite in low carbon steels. The predominant tech-
nique is transmission electron microscopy (TEM), utilizing diffraction, bright field,
and dark field modalities. If the cementite precipitates in known orientation relation-
ships with ferrite, a combination of diffraction and dark field techniques can be used
to unequivocally identify cementite. However, due to the small sample size inherent
in TEM samples, it is time consuming and difficult to obtain a statistically signif-
icant number of precipitates. Capitalizing on nital etchant response and secondary
electron micrographs to provide larger sampling regions and thus a higher number
of precipitates is another common technique of cementite characterization, but this
technique suffers from both resolution limits and ambiguity regarding the interpre-
tation of cementite as opposed to retained austenite, or other precipitates. Lastly, the
use of TEM carbon extraction replicas offers some reduction in ambiguity relative to
SEM etching techniques, and an increase in the number of precipitates analyzed rela-
tive to thin foils, but removes the ability to relate the location and size of cementite
precipitates to any characteristics of the original matrix. Improvement of scanning
electron beamdiffraction techniques of bulk samples could overcome the small statis-
tical sampling size inherent in TEM-based techniques, while providing options for
confirming cementite identification by means of dynamical diffraction techniques
such as EBSD.

Orientation Relationships Between Cementite and Ferrite

Cementite precipitation can occur by several different mechanisms tied to different
orientation relationships between the parent ferrite and daughter cementite. Deter-
mining the orientation relationships could assist in identifying when the cementite
precipitated during thermo-mechanical processing, in addition to being a verification
tool for understanding the veracity of cementite phase identification using EBSD.
Cementite is orthorhombic with lattice parameters a = 0.452 nm, b = 0.674 nm, and
c = 0.509 nm [1, 2]. The cementite unit cell has 12 iron atoms and 4 carbon atoms,
as shown schematically in Fig. 1. Three orientation relationships, the Bagaryatskii,
Isaichev, and Pitsch-Petch relationships, are shown in Table 1. In pearlitic steels,
the cementite and ferrite lamellae nucleate and grow simultaneously according to a
Pitsch-Petch relationship [3–5]. The Pitsch-Petch relationship is also observed when
cementite forms at the austenite/ferrite interphase boundary in upper bainite [6].
When cementite precipitation occurs in supersaturated ferrite or martensite during
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Fig. 1 Three-dimensional representation of the cementite unit cell where the orange atoms
represent iron and the grey atoms represent carbon [2] (Color figure online)

Table 1 Three orientation
relationships between ferrite
and cementite

Bagaryatskii Isaichev Pitsch-Petch

[100]c‖ [110]f [100]c‖ [111]f [100]c 2.6° from [311]f

[010]c‖ [111]f (031)c≈‖(101)f [010]c 2.6° from [131]f

(001)c‖(112)f (001)c‖(215)f

tempering, the Bagaryatskii and Isaichev ORs are often observed [5, 6]. The Bagary-
atskii and Isaichev ORs are closely related; the Isaichev OR deviates from the
Bagaryatskii OR by a rotation of 3.8° about the a-axis of the cementite lattice [3,
7–12].

Experimental

The chemical compositions of the X70 steel used in this investigation are shown
in Table 2. The thermo-mechanical processing path for the X70 steel is not known,
although steels of this grade are usually assumed to be accelerated cooled upon
finish rolling. The samples were mounted in Bakelite®, ground and polished to 1μm
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Table 2 Chemical composition of X70 plate steel [13, 14]

wt pct C Mn Si Ni Cr Ti Mo Nb

X70 0.050 1.59 0.3 0.01 0.26 0.013 0.09 0.066

wt pct V Al N S P Cu Ca

X70 0.005 0.026 0.0081 0.003 0.010 0.01 –

grit using standard metallographic procedures, and vibro-polished using 0.02 μm
colloidal silica suspension for several hours. Electron backscatter diffraction patterns
were obtained using a JEOL®-7000field emission scanning electronmicroscope (FE-
SEM). All EBSD scans were obtained using an accelerating voltage of 20 kV. Step
sizes were varied depending on the size of the scan. All data analysis was performed
using OIM Data Analysis and no clean-up procedures were applied to the data sets.

Results and Discussion

Questions about the efficacy of using EBSD to reliably characterize cementite distri-
bution in low carbon steels arose from work in which the effect of microstructure
on hydrogen induced cracking in pipeline steels was assessed [13]. In particular, the
work focused on characterizing intergranular cracks by comparing misorientation
distributions of the uncracked microstructure to misorientations across cracks [13].
Using a misorientation distribution function (MDF) in Rodriguez-Frank (RF) space
allowed for the identification of grain boundaries that occur with a higher frequency
than others, as shown in Fig. 2. The MDF of the uncracked microstructure is repre-
sented by a color gradient map where red represents boundaries that occur at ~24
multiples of a random distribution (MRD) and blue represents boundaries present
in amounts equivalent to a random distribution. Individual cracked grain boundaries
measured by manually assessing misorientations across the crack are overlayed and
represented by black dots. The boundary that appears with the highest MRD in the
uncracked microstructure is the 43.6° || <100> axis/angle pair. This axis/angle pair
is of particular interest due to the lack of cracked boundaries (black dots in Fig. 2)
measured upon hydrogen introduction, which could indicate that there are particular
boundaries that are less susceptible to cracking than others in the low carbon steel
of interest.

However, when attempting to characterize the spatial distribution of these
43.6° || <100> boundaries, it was discovered that these boundaries appeared as clus-
ters within particular ferrite grains, indicating that they are not grain boundaries.
Figure 3a is an image quality (IQ) map from a scan obtained using a 50 nm step size
in theND-TD plane, with a region rich in 43.6° || <100> boundaries outlined inwhite.
Figure 3b includes a PRIAS™ top micrograph with cementite and austenite phases
with >0.2 confidence index (CI) overlaid in green and red, respectively. PRIAS™
is an imaging modality available in EDAX® EBSD systems that uses the variation
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(a)

Fig. 2 MDF in RF space for the steel with discrete misorientation angle/axis pairs from cracked
boundaries overlaid as black dots. Locations of three special boundaries with relatively high
multiples of a random distribution are also overlaid for reference [13]

in the intensity of the diffracting electrons on the phosphor screen to create micro-
graphs with varying diffraction contrast modes [15]. When comparing the EBSD
micrographs in Fig. 3a and b, it is clear that the same regions that are rich in 43.6° ||
<100> boundaries are also rich in regions classified as cementite by the EBSD phase
identification. It is also interesting to note that the regions rich in 43.6° || <100>bound-
aries in Fig. 3a are directly adjacent to grains that do not have any 43.6° || <100>
boundaries present, indicating that the pixels identified as cementite are likely not
universal errors in phase identification, but rather either correct indexing of cementite
that precipitated in specific grains or a pseudosymmetry related error. The term pseu-
dosymmetry is often usedwhen discussingmultiple orientation solutions possible for
a given experimental Kikuchi pattern, which in practice often results in “speckling”,
or systematic color variation within a single grain.

In order to attempt to verify the accuracy of the EBSD software phase identifi-
cation, fiducial marks were created near the region of interest using a focused ion
beam, and the samples were etchedwith 2 pct nital. A secondary electron (SE)micro-
graph was then obtained, which is the bottom micrograph in Fig. 3b. Several raised
and light-colored constituents are apparent on the surface due to the nital etchant. It
is assumed that nital preferentially attacks the ferrite grains and leaves carbon-rich
constituents like austenite and cementite in relief. Several observations come about
as a result of comparing the light-colored constituents in the SE micrograph to the
phase map produced by EBSD. Constituents identified as austenite in the EBSD
phase map correlate well with constituents visible in SE upon nital etching and are
identified by black arrows. In contrast, isolated pixels identified as cementite occur
along boundaries and sporadically within the ferrite grains and do not correlate well
to individual light-colored constituents in the SE micrograph. Several constituents
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(a)

(b)

Fig. 3 a EBSD image quality map with red regions representing 43.6° || <100> boundaries and
subsequent region of interest outlined in white and b EBSD PRIAS™ top micrograph (top) with
austenite and cementite phases indicated by red and green, respectively, and (bottom) secondary
electron micrograph of 2 pct nital etched steel, with arrows pointing to austenite regions and circles
indicating possible cementite precipitates (Color figure online)
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that might be classified as cementite using SE micrographs of the nital etched steel
are indicated by black circles in Fig. 3b, but cannot be as convincingly tied to regions
identified as cementite in the EBSD maps. Therefore, a separate, diffraction-based
verification modality was undertaken.

Figure 4a is an inverse pole figure (IPF)map of the white outlined region in Fig. 3a
with boundaries within 5° of a 43.6° || <100> boundary indicated in black. Figure 4b
is a PRIAS™ top micrograph of the same region in Fig. 4a with pixels indexed as
cementite shown in green and 43.6° || <100> boundaries shown in red. Data points
indexed as cementite appear largely as isolated individual pixels in Fig. 4b and often
have red boundaries indicating a 43.6° || <100> boundary surrounding the pixel.
The three different colors (e.g. orientations) of cementite are shown below the IPF
micrograph in Fig. 4a. The fact that cementite surrounded by the special boundaries
only has 3 different colors in the IPF map may be indicative of 3 separate variants.
This observation might then in turn indicate that the cementite data points have an
orientation relationship with the ferrite, which is described by the 43.6° || <100>
axis/angle pair. To investigate if the axis/angle pair correlates to one of the three
most common ferrite/cementite orientation relationships discussed in the background
section, pole figures were created from several adjacent data points with a common
43.6° || <100> boundary.

(a) (b)

Fig. 4 EBSD maps from a region selected from Fig. 3a where a is an IPF map with 43.6° || <100>
boundaries indicated as black outlines and b is a PRIAS top micrograph with data points indexed
as cementite in green and 43.6° || <100> boundaries indicated in red. Each pixel represents data
indexed by the EBSD software (Color figure online)


