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Electron backscatter diffraction (EBSD) indexing based on
Kikuchi diffraction patterns, which indicate the types and orien-
tation of the crystal lattice, is effective for characterizing crystals.
Most regions in a sample can be indexed due to simulation of
diffraction patterns of possible crystal types, orientations, and
angles. However, indexing some of the complex regions related
to the grain boundaries, dislocations, and strain areas is difficult.
Moreover, minor crystal structures are possibly omitted from the
index results. To characterize all the regions, including such
complicated boundaries, the analysis of raw data, including all
Kikuchi patterns, is necessary. By analyzing all the Kikuchi pat-
terns, significant information can be extracted from mixed crystal
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conditions. Stainless steel was used as the model sample in this study. As hydrogen diffusion in metals strongly depends on the
crystal structure and grain boundaries, structural analysis is required to study hydrogen behavior in steel. In this study, all Kiku-
chi patterns at all pixels in a measurement area of stainless steel were analyzed simultaneously using unsupervised learning
methods, such as principal component analysis and multivariate curve resolution, and the pixels of the measurement area were
classified based on the Kikuchi patterns to investigate the grain boundaries and dislocations in detail.
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tion map, and Kernel average misorientation (KAM) map.

|. INTRODUCTION

The electron backscatter diffraction (EBSD) technique
detects the electron diffraction pattern, called Kikuchi bands
[1, 2], which reflects the crystalline state, such as crystal
structures and orientation, at the measured point where the
electron beam interacts with the sample [1]. EBSD provides
detailed crystalline information, determines the crystal
structure and orientation, discriminates different phases, and
indicates grain boundaries. EBSD results contain significant
information on the crystal condition of a sample. A detailed
description related to the boundaries and disorder of com-
plex crystals is generally indicated by specific maps such as
the grain orientation spread map, grain average misorienta-
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Separate analysis processes are required to obtain such
maps; therefore, the information is provided only if an ana-
lyst intentionally looks for such information. The analysis
method based on all Kikuchi band patterns provides infor-
mation without specific purposes. Moreover, distortion
caused by unknown factors can also be found.

In our previous studies on hydrogen diffusion in stainless
steel [3—5], the hydrogen distribution on the stainless steel
surface and EBSD data were integrated to evaluate the rela-
tionship between the crystal conditions and hydrogen diffu-
sion, as EBSD is a powerful tool to investigate detailed
crystal structures [1, 2, 6—10] in inorganic materials and
metals such as stainless steel. The stainless steel model is
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composed of grains with face-centered cubic (fcc) and
body-centered cubic (bcc) crystal structures. A detailed
evaluation of the raw EBSD data is required to investigate
the grain boundaries, dislocations, and areas of strain. Since
EBSD analysis software, such as AZtecCrystal processing
software (Oxford Instruments KK) and OIM analysis (TSL
Solutions Ltd.), provides Kikuchi patterns for various mate-
rials by simulating diffraction patterns depending on the
crystal type, orientation, and angle, most of the regions can
be indexed. However, indexing regions related to the
boundaries between different crystal conditions is complex,
and thus, minor crystal structures can possibly get omitted.
Therefore, all Kikuchi patterns over the measured areas
were analyzed using unsupervised learning methods, such as
principal component analysis (PCA) and multivariate curve
resolution (MCR). MCR has been used for extracting pure
spectra from a mixed spectrum [11—13]. Thus, it will also be
useful for separating each Kikuchi band set associated with
a pure crystal.

Il. METHODS

A. Stainless steel sample analysis with EBSD

The model sample was austenitic stainless steel (SUS304)
with dislocations produced by cold working [3—5]. The sam-
ple thickness was 100 pm, and the grain size was 50—150 pm.

The sample surface was polished using a cross-sectional
polisher (IB-19520CCP, JEOL Ltd.) with an accelerating
voltage of 3 kV. The sample was analyzed using EBSD
(Symmetry, Oxford Instruments) with a scanning electron
microscope (SU3500, Hitachi High Tech Corp.). The accel-
erating voltage was 20 kV, the step size was 1 um, and the
raster size was 74 x 82 um?>.

B. EBSD data analysis by PCA and MCR

The measured area of EBSD contained 6068 (= 74 x 82)
images of the Kikuchi pattern comprising 512 x 622 pixels.
The EBSD Kikuchi pattern dataset was analyzed by PCA
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and MCR using the PLS toolbox (Eigenvector Research
Inc.) and MATLAB (MathWorks) [11-13]. The detailed
procedures are shown in the supplementary material.

Ill. RESULTS AND DISCUSSION

Typical EBSD images, such as Euler angles and the IPF
map, of the samples are shown in Figure 1(a, b). Figure 1(b)
indicates that the measured area of the sample was mainly
composed of austenite with the fcc crystal structure. In areas
A, B, C, and D in Figure 1(a), different orientations indicat-
ed by the Euler angles were mixed. The distortion of the
sample can be evaluated by the maps provided by EBSD,
such as the grain orientation spread map, grain average mis-
orientation map, and KAM map in Figure 1(c), which indi-
cates distortion-related regions.

In this study, the 74 x 82 pixels of the measurement area
were considered as variables, and the 512 x 622 pixels in the
Kikuchi patterns were considered as samples for PCA and
MCR (the details are shown in Supplementary Material).
Therefore, the score images of PCA and concentration ma-
trix images of MCR show Kikuchi patterns and loadings of
PCA, and the spectrum matrix of MCR shows sample im-
ages, as shown in Figure 2. The principal component (PC)
contribution rates were PC 1 (89.10%), PC 2 (0.72%), PC 3
(0.58%), PC 4 (0.33%), PC 5 (0.26%), PC 6 (0.20%), PC 7
(0.16%), PC 8 (0.14%), and PC 9 (0.13%), and the residual
components contained 8.39% information. Because the steel
sample predominantly consists of austenite (fcc), PC1, most
information from the raw data, represented austenite infor-
mation. The other PCs mainly exhibited crystal orientation
differences in the measurement area. Regarding the loading
images, PC2 was consistent with the dark orange areas of
the Euler angle image and the light blue areas of the IPF
map, whereas PC3 represented the blue areas of the Euler
angle image and the purple areas of the IPF map. The in-
formation size of PC4 and the PCs that were smaller than
PC4 was too small to be considered.

In terms of MCR, each component (C in Figure 2) had a
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Figure 1: EBSD data of crystal information. (a) Euler angle images; colors of Euler angle images: red (®1) 0°-360°; green (®) 0°-90°; and
blue (®2) 0°-90°. (b) Inverse pole figure (IPF) map; colors of IPF maps: red fcc [001]; green fcc [101]; and blue fec [111]. (c) Kernel average

misorientation (KAM) map. The field of view is 74 x 82 um?.
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relatively large contribution rate. Components 1-10 con-
tained 16.15%, 13.91%, 11.27%, 10.80%, 10.03%, 7.75%,
7.08%, 5.15%, 4.76%, and 4.82% information, respectively,
and the residual components contained 8.28% information.
Some components extracted by MCR indicated information
not shown in the main EBSD results, such as Euler angle
images and IPF maps. Components 2 and 3 (C2 and C3)
showed similar Kikuchi patterns and sample distributions as
PC2 and were mainly related to fcc [101], as shown in the

IPF map of fcc [101] (Figure S4 in Supplementary Material).

In addition, the brightest areas of C2 and C3 were different,
which suggests a slight difference in the crystal conditions
in these areas. Both the IPF map (Figure S4) and the Euler
angle images did not show such significant information. C4
and C6 also showed similar Kikuchi patterns, even though
their brightest areas differed. These are also related to fcc
[101] because their bright areas are included in the IPF map
of fcc [101] shown in Figure S4 (Supplementary Material).
The Kikuchi patterns of C2 and C3 and those of C4 and C6
contained the same Kikuchi bands but with different angles.

The boundaries indicated by C8 are related to the KAM
image shown in Figure 1(c) and Figure S5 (Supplementary
Material). The Kikuchi pattern of C8 (concentration matrix
of C8) may be a combination of other Kikuchi patterns, such
as the C5 and C9 patterns. Although the main crystal struc-
ture information provided by EBSD analysis software is
useful, extracting information related to the boundaries or
disorder of the crystals is still challenging. The analysis of
all Kikuchi patterns across the measurement area effectively
extracted such minor but critical information.
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V. CONCLUSIONS

To characterize complex crystal conditions such as grain
boundaries and dislocations in a solid sample, the analysis
of all Kikuchi patterns over the EBSD measured area proved
useful. By analyzing the Kikuchi patterns using unsuper-
vised learning methods such as PCA and MCR, detailed
information related to the boundaries and disorder of com-
plex crystals that was not indicated by the conventional
analysis based on main crystal orientations was extracted.
Moreover, the complete Kikuchi pattern analysis enabled the
extraction of each crystal condition in the region with multi-
ple crystal conditions.
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Appendix

EBSD data analysis procedures by PCA and MCR is available in
Supplementary Material at https://doi.org/10.1380/ejssnt.2023-023.
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Figure 2: PCA results (scores and loadings) and MCR results (concentration matrix and spectrum matrix). PC stands for the principal compo-
nent of PCA and C stands for the component of MCR. The residual images of PCA and MCR show the remaining data after PCA or MCR.
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