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Abstract: Plastically deformed low-carbon steel has been analyzed by nondestructive three-dimensional
orientation and strain mapping using scanning three-dimensional X-ray diffraction microscopy (S3DXRD).
However, the application of S3DXRD is limited to single-phase alloys. In this study, we propose a modi-
fied S3DXRD analysis for dual-phase alloys, such as ferrite–pearlite carbon steel, which is composed
of grains detectable as diffraction spots and a phase undetectable as diffraction spots. We performed
validation experiments for ferrite–pearlite carbon steel with different pearlite fractions, in which the
ferrite grains and the pearlite corresponded to the detectable grains and an undetectable phase, re-
spectively. The regions of pearlite appeared more remarkably in orientation maps of the ferrite grains
obtained from the carbon steel samples than that of the single-phase low-carbon steel and increased with
the increase in the carbon concentration. The fractions of the detectable grains and the undetectable
phase were determined with an uncertainty of 15%–20%. These results indicate that the proposed
modified analysis is qualitatively valid for dual-phase alloys comprising detectable grains and an
undetectable phase.

Keywords: 3DXRD; scanning 3DXRD; orientation; carbon steel; dual phase

1. Introduction

Predicting damage and failure in polycrystalline alloys, which are widely used in
various industries, is challenging due to not only the difficulty in modeling the dynam-
ics of numerous dislocations in hierarchical microstructures with a length scale ranging
from nanometers to millimeters or more but also the lack of suitable geometric models of
three-dimensional (3D) microstructures and validation data for the mechanical responses.
Three-dimensional polycrystalline microstructures can be reconstructed by fully automated
serial sectioning [1,2] with the aid of 3D orientation microscopy (OM) based on electron
backscatter diffraction (EBSD) [3]. The distribution of geometrically necessary dislocations
can also be determined by postprocessing the EBSD OM data. In addition, high-angular
resolution EBSD (HR-EBSD) can detect local elastic strains [4]. However, mechanical re-
sponses, such as plastic deformation, creep, fatigue, and fracture, cannot be tracked by
destructive serial-sectioning microscopy.

In the past two decades, nondestructive 3D OM and strain mapping for polycrystalline
alloys have been achieved using synchrotron-based X-ray diffraction (XRD) and imaging
methods, such as differential aperture X-ray microscopy (DAXM) [5–13], diffraction contrast
tomography (DCT) [14–20], 3D XRD microscopy (3DXRD) [21–43], high-energy diffrac-
tion microscopy (HEDM) [44–66], and scanning 3DXRD [67–77]. DAXM uses a focused
polychromatic X-ray beam and a far-field area detector to obtain Laue diffraction patterns
from multiple grains. Three-dimensional OM can be performed without serial sectioning
by scanning a platinum wire near the sample surface and applying indexing for multi-
ple grains (multigrain indexing) to the Laue diffraction patterns. Although, in DAXM,
sample rotation is unnecessary, and the spatial resolution is determined by the incident
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beam size, nondestructive OM is limited to subsurface grains because polychromatic X-ray
illumination of numerous grains causes a considerable overlap of diffraction spots on
the detector.

In DCT, 3DXRD, HEDM, and scanning 3DXRD with high-energy monochromatic
X-ray beams, 3D OM is performed by detecting diffracted beams from multiple grains
deeply embedded in a sample. These XRD and imaging methods differ in terms of the
shape of the incident X-ray beam and the spatial resolution of the detector. In DCT, a box
beam illuminates a polycrystalline sample, and diffracted beams from grains are detected
using a near-field area detector with high spatial resolution. A 3D grain map can be
obtained by applying a forward projection model to the diffraction patterns obtained from
a single rotation scan. Although, in DCT, a 3D grain map can be obtained from a single
rotation scan, its application is limited to lightly deformed samples with slight intragranular
misorientation. This is because it is difficult to achieve a 3D reconstruction for heavily-
deformed samples owing to the overlap of diffraction spots and the peak broadening
caused by intragranular misorientation.

In 3DXRD and HEDM, a line-focused beam illuminates a sample, and the diffraction
patterns are obtained by a layer-by-layer scan (with sample rotations) using near- and
far-field area detectors. A 3D orientation map can be obtained from 3DXRD scan data by
applying layer-by-layer multigrain indexing on diffraction spots from the far-field detector
and then layer-by-layer reconstruction of the grain positions and shapes with or without
intragranular misorientation by applying ray tracing, an algebraic reconstruction technique,
or forward modeling to the diffraction patterns from the near-field detector. Compared
with DCT, 3DXRD can obtain orientation maps with intragranular misorientation caused
by plastic deformation. Thus, 3DXRD and HEDM have enabled 3D orientation mapping
with mechanical responses such as slip and twin deformation, shock deformation, creep,
fatigue, and fracture. However, 3DXRD and HEDM have been performed on small samples
such as matchstick-like samples, wire materials, or miniature test pieces to suppress the
overlap of broadened diffraction spots.

In scanning 3DXRD, a point-focused (or pencil) beam is irradiated on a sample, far-
filed diffraction patterns are obtained from 3D scans with sample rotations and translations,
and a 3D orientation map with intragranular misorientation can be obtained by applying
voxel-by-voxel multigrain indexing to the scanning 3DXRD data. In scanning 3DXRD,
the number of illuminated grains is reduced using the point-focused beam, thus suppressing
the overlap of diffraction spots. In addition, the measurement using a far-field detector can
be combined with a conical slit [78]. The conical slit can considerably reduce the overlap of
the diffraction spots by shielding the detector from the diffracted beams of many grains
except for those from grains inside the region of interest called the gauge volume. Therefore,
scanning 3DXRD with a conical slit is most suitable for samples with numerous strained
grains at the expense of the scanning time.

One of next key steps of scanning 3DXRD is its application to dual-phase alloys.
Ferrite–pearlite carbon steel hardenable by quenching has wide applications due to its
low cost, and the ferrite–martensite dual-phase steel is used in the automotive industry
owing to its balance between ductility and strength. In most XRD OM experiments,
diffraction spots from nondeformed ferrite grains are detectable, and boundaries between
the ferrite grains can be reconstructed. Therefore, nondestructive 3D orientation and
strain mapping of single-phase low-carbon steel consisting of ferrite grains have been
achieved [73]. Hereafter, we refer to ferrite grains as visible grains. Pearlite and martensite
correspond to invisible phases because the diffraction spots cannot be detected from pearlite
and martensite in XRD OM. In nondestructive tomographic XRD OM techniques (DCT,
3DXRD, HEDM, and scanning 3DXRD), invisible phases cause reconstruction errors, visible
grains may abnormally grow into the regions of invisible phases, and in the worst case,
the regions of invisible phases can disappear.

In this study, we propose a modified scanning 3DXRD analysis that can be applied
to dual-phase alloys containing an invisible phase, such as ferrite–pearlite carbon steel.
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In this analysis, we introduced the threshold of completeness as a reconstruction parameter,
where completeness represents the probability of the existence of visible grains. Herein, we
performed qualitative validation using ferrite–pearlite carbon steel with different pearlite
fractions by comparing the fractions of visible grains in the obtained orientation maps.

2. Materials and Methods
2.1. Materials

A ferrite single-phase low-carbon steel sample was obtained from a commercial cold-
rolled steel sheet defined by Japanese industrial standards (JIS) G3141. A uniaxial sheet
tensile-test piece with a width of 1 mm at the gauge section was cut from a 1 mm thick
cold-rolled steel sheet using a wire cutter. The sheet tensile-test piece was used as a ferrite
single-phase low-carbon steel sample because the fine spheroidal cementite particles in
ferrite grains can be neglected.

Ferrite–pearlite carbon steel samples were obtained from commercial round bar-
shaped carbon steel defined as S15C, S25C, S35C, and S45C by JIS G4051 to apply the
proposed analysis to commercially available alloys. The carbon contents of S15C, S25C,
S35C, and S45C are defined as 0.13–0.18, 0.22–0.28, 0.32–0.38, and 0.42–0.48 wt%, respec-
tively. The carbon contents indicate that the pearlite fraction of S45C is higher than that of
S35C, as shown in Figure 1. From the carbon contents defined by JIS G4051, the pearlite
fraction of S35C is higher than that of S25C, which is higher than that of S15C. The round
bars were cut into uniaxial round-bar tensile-test pieces with a 1 mm diameter at the
gauge section using a wire cutter. The S15C, S25C, S35C, and S45C samples were used as
ferrite–pearlite carbon steel samples with different pearlite fractions.

Figure 1. Optical images of the (a) S35C and (b) S45C samples. The white and black regions indicate
ferrite grains and pearlite, respectively. The fractions of ferrite grains in the S35C and S45C samples
were 55% and 33%, respectively.

2.2. Data Acquisition

We conducted experiments using a scanning 3DXRD apparatus equipped with X-
ray-focusing mirrors at BL33XU of SPring-8. Radiation from an in-vacuum undulator
was monochromatized with a Si(311) double crystal monochromator to a monochromatic
X-ray beam with 50 keV of photon energy. The monochromatic beam was focused with
400 mm long Pt-coated Kirkpatrick-Baez mirrors into a beam size of ∼1× 1 µm2, as shown
in Figure 2. The X-ray microbeam was irradiated on the gauge section of the sample
mounted on the rotation stage with the longitudinal direction of the sample parallel to the
z axis and the incoming microbeam parallel to the y axis (Figure 3). A conical slit [78] was
placed 50 mm away from the sample to prevent the detection of diffracted beams from
grains outside the gauge volume. The aperture of the conical slit was 30–110 µm, depending
on the Bragg angles. The Bragg angles of the conical slit were 3.506°, 4.958°, 6.074°, 7.014°,
7.844°, 8.594°, and 9.284° for the 110, 200, 211, 220, 310, 222, and 321 reflections of α-Fe and
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50 keV. The designed lengths of the gauge volume in the y axis were 330–360 µm. An X-ray
flat-panel detector (2923NDT, Dexela) with an active image area of 291× 230 mm2 and
a pixel size of 150 × 150 µm2 at a 2 × 2 binning mode was placed downstream of the
conical slit as the far-field detector. The sample was rotated at a constant speed along
the z axis. The rotation speed was 16◦s−1 for the S45C sample and 20◦s−1 for the other
samples. Images from the detector were recorded every 0.6◦ during the sample rotation
of ω = 0◦–180◦. The exposure time per image was 38 and 30 ms for the S45C and the
other samples, respectively. The diffracted beams that passed through the conical slit
were recorded as diffraction spots on the images. When ω reached 180◦, the sample was
translated by 1 µm in the x direction using the translation stage located below the ω rotation
stage. This procedure was repeated for an x range of −xm ≤ x ≤ xm, where xm is 150 µm
for the low-carbon steel sample and 100 µm for the carbon steel samples. Thus, diffraction
images containing diffraction spots from ferrite grains were recorded as a function of ω
and x. From the two-dimensional (2D) ω–x scan data, a 2D orientation map with a voxel
size of 1 µm and a field of view (FoV) of 2xm in diameter in the xy plane was obtained.
On the orientation map, ferrite grains and pearlite correspond to the visible grains and the
invisible phase, respectively (Optionally, a 3D orientation map can be obtained by stacking
the 2D orientation maps.)

Figure 2. (a) Horizontal and (b) vertical knife-edge scan profiles of a focused X-ray beam with 50 keV
of photon energy.

2.3. Concept of Modified Completeness

The modified completeness is based on the completeness N/M = N′ of the con-
ventional scanning 3DXRD [69], where N is the number of detected diffraction spots for
a visible grain, and M is the theoretically expected maximum of N. The completeness
represents the probability of the existence of visible grains. Generally, the completeness
curves of individual grains are continuously distributed from the inside to the outside
of the grains. The grain boundaries between the visible grains appear where neighboring
completeness curves cross each other. In ideal cases, without experimental errors, N′ is
almost 1 inside the visible grains and sharply drops outside the grains (Figure 4a). Then,
the grain boundaries can be determined even for a sample containing an invisible phase
(Figure 4b). In real cases, however, N′ may not be up to 1 and gradually decreases from
the center of grains to the outside of the grains owing to the insufficient diffraction in-
tensities, the insufficient quantum efficiency, and the noise of the detector, as well as the
short exposure time (Figure 4c). These experimental limitations result in orientation maps
with reconstruction errors or artifacts, in which small grains close to large grains shrink
or disappear, large grains close to small grains grow, and the concave and convex shapes
of grains disappear. As artifacts exist more in samples containing an invisible phase, we
propose N′/N′max(i) as the modified completeness, where the denominator N′max(i) is the
maximum of N′ of each grain, and i indicates that N′max depends on the i-th grain. Using
the modified completeness, the artifacts can be reduced (Figure 4d). Thus, we introduce
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the threshold of completeness N′th, which allows the reconstruction of grain boundaries
between the visible grains and the invisible phase (Figure 4e). In real cases with experimental
errors, the completeness threshold may not be determined for all the visible grains in the
FoV, resulting in uncertainties in the completeness threshold and the positions of the grain
boundaries between the visible grains (Figure 4f), as well as the boundaries between the
visible grains and the invisible phase (Figure 4g).

Figure 3. Schematic of the experimental setup. The focused X-ray microbeam parallel to the y axis is
irradiated on a polycrystalline sample rotated around the z axis. The sample rotation angle is defined
as ω. Diffracted beams from multiple ferrite grains in the sample pass through the conical slit for
α-Fe and are detected as diffraction spots in the far-field detector. In this scanning 3DXRD setup,
ferrite grains and pearlite correspond to the visible grains and the invisible phase, respectively.

2.4. Data Analysis

From the obtained ω–x scan data, the conventional completeness N/M = N′ was
evaluated for each voxel and the visible grains using the conventional scanning 3DXRD
method [69]. N and M were calculated with ImageD11 [79] and PolyXSim [80] software,
respectively. Thereafter, each visible grain was extracted using the map of N′ as follows.
First, a voxel was randomly selected from the map. Among the candidate grains at the
selected voxel, the grain with the highest N′ was selected. Next, the misorientation between
the grain at the selected voxel and those at the first neighboring voxels was calculated.
If the misorientation was less than 2◦ as intragranular misorientation, the grain at the
selected voxel and those at the first neighboring voxels were considered the same. This
was also applied to the misorientation between the first and second neighboring voxels.
The above steps were repeated until there was no new neighboring voxel. If the number
of voxels regarded as voxels in the same grain was greater than the threshold of a grain
size, the voxels were extracted as a single grain existing in the xy plane illuminated by
the focused X-ray microbeam because a large neighboring grain in the z direction may
appear as a minute grain due to the tail of the microbeam in the z direction (Figure 2b).
Then, the extracted grain was deleted from the original map. The normalization factor
N′max was evaluated for the extracted single grain, and the distribution of completeness
N′(x, y)/N′max for the grain was determined. Next, a voxel was randomly selected from the
map from which a single grain was deleted, and then another single grain was extracted.
The extractions of single grains were repeated until no new grains were found. Thus,
an orientation map with information about the completeness of each grain was obtained.
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Figure 4. Schematic of the completeness curves of visible grains for ideal cases (a) without and
(b) with an invisible phase, (c) a real case without the invisible phase using conventional completeness
N′, expected cases (d) without and (e) with an invisible phase using the modified completeness
N′/N′max(i) and its threshold, and real cases (f) without and (g) with the invisible phase owing to
experimental errors. In the cases of (a,b), the completeness of the visible grains represents almost 1,
and the boundaries between the visible grains and the invisible phase are observed. In the case of (c),
the completeness depends on the grain size. In the cases of (d,e), the maximum completeness of each
grain is 1, and the boundaries between the visible grains and the invisible phase can be determined
using the threshold of completeness. In the case of (f,g), there are nonnegligible uncertainties for the
threshold and the positions of the boundaries.
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3. Results

Figure 5 shows the orientation maps of the single-phase low-carbon steel sample with
different completeness thresholds (N′th). The orientation is represented by the z direction in
the basic triangle of the pole figure of α-Fe. The colored pixels with orientation information
and the uncolored white pixels indicate the regions above and below the completeness
thresholds, respectively. On the maps with N′th = 0.98–0.99, the centers of the visible grains
appeared, but the grain boundaries could not be observed. On the maps with N′th =
0.94–0.96, the grain boundaries were visible, except for the grain-boundary triple points.
On the maps with N′th = 0.89–0.92, the grain-boundary triple points were visible. These
results showed that the optimal completeness threshold for most grain boundaries ranged
from 0.90 to 0.95, and there was an uncertainty of about 0.05 for the optimal completeness
threshold. On the map with N′th = 0.85, the grain-boundary triple points were clear, and the
fraction of visible grains was more than 99% (Figure 5g). On the map with N′th = 0.85, the
ferrite grains are indicated by regions enclosed by the same orientation (or the same color),
and the grain boundaries are indicated by the boundaries between the different orientations
(or different colors). Polygonal grains and clear grain boundaries, which are common for
annealed single-phase polycrystalline metals and alloys, were observed. The regions of less
than 1% at some grain boundaries and particularly the grain-boundary triple points are
indicated by the uncolored regions below the threshold, suggesting reconstruction errors
rather than an invisible phase owing to insufficient diffraction intensities.

Figures 6–9 show orientation maps with completeness thresholds obtained from the
S15C, S25C, S35C, and S45C carbon steel samples, respectively. The samples showed a
similar relationship between the formation of the grain boundaries and N′th, except for
the fractions of the visible grains. For the same threshold, the fraction of the visible grains
decreased in the order of S15C, S25C, S35C, and S45C. At N′th = 0.85, the fractions of the
visible grains were 94%, 91%, 82%, and 58% for the S15C, S25C, S35C, and S45C samples,
respectively, which were much smaller than that of the low-carbon steel sample. Therefore,
the uncolored regions below N′th = 0.85 in the carbon steel samples were attributed
to pearlite.

Figure 10 shows the variation in the fraction of the visible grains with the completeness
threshold. In the N′th range of 0.85–0.95, the fraction of the visible grains decreased with the
carbon concentration in the order of S15C, S25C, S35C, and S45C. This result qualitatively
validates the concept of modified completeness and its threshold. The uncertainty of 0.05
for the optimal completeness threshold corresponded to an uncertainty of 15%–20% for
the fraction of visible grains at an optimal N′th range of 0.90–0.95. The fractions of the
ferrite grains determined from the optical photographs (55% and 33% for the S35C and
S45C carbon steel samples) corresponded to an N′th of 0.93–0.94. The fraction of the visible
grains in the low-carbon steel sample exceeded 85% at N′th = 0.93–0.94. These results
were consistent with the uncertainties in the fractions of the visible grains and the optimal
completeness threshold.

When N′th was reduced from 0.99 to 0.94, the fraction of the visible grains in the low-
carbon steel sample increased sharply, reaching a plateau in the N′th range of 0.89–0.94. This
saturation point of the fraction curve at N′th = 0.94 corresponded to N′th, at which most
of the visible grain boundaries were formed, except for the grain-boundary triple points.
Although the saturation point became unclear in the order of S15C, S25C, S35C, and S45C
samples, it was obvious at the same threshold of N′th = 0.94 for the low-carbon steel sample
and the S15C and S25C carbon steel samples.
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Figure 5. Orientation maps obtained from the single-phase low-carbon steel sample with complete-
ness thresholds N′th = (a) 0.99, (b) 0.98, (c) 0.96, (d) 0.94, (e) 0.92, (f) 0.89, and (g) 0.85 and (h) the
completeness map. The FoV diameter and pixel size are 300 µm and 1 × 1 µm2, respectively. The ori-
entation of the visible grains is represented by the z axis in the basic triangle of the pole figure of α-Fe.
The uncolored white pixels indicate the regions below the completeness thresholds.
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Figure 6. Orientation maps obtained from the S15C carbon steel sample with completeness thresholds
N′th of (a) 0.99, (b) 0.98, (c) 0.96, (d) 0.94, (e) 0.92, (f) 0.89, and (g) 0.85 and (h) the completeness map.
The FoV diameter and pixel size are 200 µm and 1 × 1 µm2, respectively. The orientations of the
visible grains are represented by the z axis in the basic triangle of the pole figure of α-Fe, and the
uncolored white pixels indicate the regions below the completeness thresholds.
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Figure 7. Orientation maps obtained from the S25C carbon steel sample with completeness thresholds
N′th of (a) 0.99, (b) 0.98, (c) 0.96, (d) 0.94, (e) 0.92, (f) 0.89, and (g) 0.85 and (h) the completeness map.
The FoV diameter and pixel size are 200 µm and 1 × 1 µm2, respectively. The orientations of the
visible grains are represented by the z axis in the basic triangle of the pole figure of α-Fe, and the
uncolored white pixels indicate the regions below the completeness thresholds.
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Figure 8. Orientation maps obtained from the S35C carbon steel sample with completeness thresholds
N′th of (a) 0.99, (b) 0.98, (c) 0.96, (d) 0.94, (e) 0.92, (f) 0.89, and (g) 0.85 and (h) the completeness map.
The FoV diameter and pixel size are 200 µm and 1 × 1 µm2, respectively. The orientations of the
visible grains are represented by the z axis in the basic triangle of the pole figure of α-Fe, and the
uncolored white pixels indicate the regions below the completeness thresholds.
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Figure 9. Orientation maps obtained from the S45C carbon steel sample with completeness thresholds
N′th of (a) 0.99, (b) 0.98, (c) 0.96, (d) 0.94, (e) 0.92, (B) 0.89, and (g) 0.85 and (h) the completeness map.
The FoV diameter and pixel size are 200 µm and 1 × 1 µm2, respectively. The orientations of the
visible grains are represented by the z axis in the basic triangle of the pole figure of α-Fe, and the
uncolored white pixels indicate the regions below the completeness thresholds.
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Figure 10. Dependence of the fraction of the visible grains on the completeness threshold for the
single-phase low-carbon steel sample and the S15C, S25C, S35C, and S45C carbon steel samples.

4. Discussion

The concept of modified completeness and its threshold were quantitatively validated.
However, there were two major discrepancies between the expected and obtained results:
(1) the fractions and (2) the shapes of the visible grains. The reconstruction of the former was
limited due to the uncertainty of 0.05 for the completeness threshold, which corresponds to
the uncertainty of 15–20% for the fractions of the visible grains. This is the main limitation
of using a simple definition of completeness and a single threshold value for all grain
boundaries. For more quantitative reconstruction, there is a need for more sophisticated
methods, such as forward modeling, which demands much higher computational costs
compared with the proposed analysis method based on multigrain indexing using a simple
definition of completeness and a single threshold value for all grain boundaries.

In the optimal N′th range of 0.90–0.95, the fraction of the visible grains was 80–90% for
the single-phase low-carbon steel sample. The uncolored regions below N′th = 0.95 were
mostly located at the grain-boundary triple points, indicating that the grain shapes at the
optimal threshold were limited to round shapes compared with the polygonal shapes of
the visible grains. The discrepancy in the grain shapes was also observed in the optical
photograph and the obtained orientation map for the S45C carbon steel sample. The
reproducibility of the shapes of the visible grains follows the performance of conventional
scanning 3DXRD, in which concave and convex grain shapes disappear even for the single-
phase low-carbon sample. These artifacts yield round visible grains.

The artifacts in the shapes of the visible grains can also be attributed to experimental
errors. In ideal cases, without experimental errors, N′ is 1 in the visible grains and drops
sharply outside the grains. In real cases, insufficient diffraction intensities result in blurred
grain boundaries, which cause coarsening (or shrinking) of grains and more uncertainty in
the optimal completeness threshold.

We infer that these limitations caused an uncertainty of 0.05 for the optimal threshold
and 15–20% for the fractions of the visible grains. Considering the uncertainty, the optimal
threshold can be defined by the threshold at the saturation point of the visible-grain fraction
curve at the expense of the polygonal grain shapes because most visible grain boundaries are
formed at the saturation point, except for the grain-boundary triple points. Although the
saturation point was unclear for the carbon steel samples with large pearlite fractions, it
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was obvious for the carbon steel samples with small pearlite fractions. Thus, the optimal
threshold can be determined using not only single-phase alloys but also alloys with small
fractions of invisible phases as reference samples even for alloys with large fractions of
invisible phases.

5. Conclusions

We propose a modified scanning 3DXRD as a nondestructive OM method applicable
to dual-phase alloys, such as ferrite–pearlite carbon steel, in which ferrite grains and
pearlite correspond to the visible grains and an invisible phase because the diffraction spots
from ferrite grains are detectable, whereas those from the pearlite are not. We defined
N′/N′max(i) as the modified completeness and introduced its threshold N′th for the visible
grains, where the number of detected diffraction spots from each visible grain, N′, was
normalized by the maximum value of N′ of the i-th grain (N′max(i)). In the proposed
modified analysis, N′th was determined as the completeness at the boundaries between the
visible grains and applied to all the visible grains close to the invisible phase, which allowed
the reconstruction of the boundaries between the visible grains and the invisible phase.
The concept of modified completeness and its threshold was validated with an uncertainty
of 15%–20% for the fraction of visible grains from the orientation maps of ferrite single-phase
and ferrite–pearlite carbon steel with different pearlite fractions. The main limitations for
more quantitative reconstruction are attributed to the uncertainty for the determination of
N′th for all the visible grains and the artifacts resulting in round visible grains.
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