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ABSTRACT

A combination of X-ray nano-tomography and pencil-beam diffraction tomography was utilized for mul-
timodal assessment of the mechanically induced transformation of individual retained austenite grains
during tensile deformation in a 0.1C-5Mn-1Si multi-phase steel. In the present study, a newly developed
high energy (20 - 30 keV) and high resolution (spatial resolution of 0.16 pm in this study) X-ray nano-
tomography technique was applied for the first time to the in-situ observation of a steel under external
loading. The gradual transformation, plastic deformation, and rotation behaviour of the individual austen-
ite grains were clearly observed in 3D. It was revealed that the early stage of the transformation was
dominated by the stress-assisted transformation that can be associated with measured mechanical driv-
ing force, whilst the overall transformation was dominated by the strain-induced transformation that is
interrelated with measured dislocation multiplication. The transformation behaviour of individual grains
was classified according to their initial crystallographic orientation and size. Noteworthy was the high
stability of coarse austenite grains (i.e., 2.5 um or larger in diameter), contrary to past reports in the
literature. Characteristic rotation behaviour and wide data dispersion were also observed in the case of
the individual austenite grains. It was conclusively demonstrated that such characteristic behaviour partly
originated from interactions with surrounding soft and hard phases. The origins of these characteristics
are discussed by combining the image-based and diffraction-based information.
© 2022 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

on the strength-ductility balance of multi-phase steels. Manganese
also segregates into austenite, resulting in increased stability [5-8],

There has been growing interest in dual-phase, austenite/ferrite
steels [1-3]. Of these, C-Mn-Si multi-phase steels with meta-stable
retained austenite have attracted much research attention. The re-
tained austenite phase, which is embedded as a minor phase in
a ferrite-based microstructure, is stable at room temperature due
to the carbon enrichment of austenite that takes place during
thermo-mechanical processes [4-6]. The retained austenite phase
transforms into martensite with volume expansion under exter-
nal loading, which increases the work hardening rate of a steel,
thereby delaying the onset of necking. This has a beneficial effect
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while silicon suppresses carbide formation and thereby optimizes
austenite stability [9].

The beneficial effect of the austenite-to-martensite transforma-
tion is obtainable only when the transformation occurs at an op-
timum applied strain during loading [10]. It is reported that the
increase in the volume fraction of retained austenite sometimes re-
sults in low stability under loading due to reduced average carbon
content [11]. It is therefore of crucial importance to control the sta-
bility of retained austenite in C-Mn-Si multi-phase steels, by opti-
mizing the volume fraction of this phase.

It has been well documented that the stability of retained
austenite depends on various factors besides the abovementioned
chemical composition. Microstructural features, such as the mor-
phology, size, and spatial distribution of the retained austenite,
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along with the influence of surrounding phases, are the most
important factors, as well as mechanical conditions such as the
strain rate and stress state [12,13]. amongst the relevant stud-
ies, Samek et al. demonstrated that the M;° temperature (i.e.,
the austenite-to-martensite transformation temperature at which
the stress reaches the yield stress of retained austenite) decreased
rapidly with a decrease in the average retained austenite particle
size in a C-1.5Mn-1.5Si steel, becoming 10 °C for a carbon content
of 1.2 - 1.4% and average particle diameter of 1.0 - 1.2 um [14].
Cai et al. estimated the optimum retained austenite particle size
to be 0.6 pm for 0.18C-11Mn-3.8Al steel, by considering the elastic
strain energy and work hardening behaviour [15]. Haidemenopou-
los et al. designed a model based on the nucleation site potency
distribution, and demonstrated that refinement of the austenite
particle size is effective for stabilizing austenite, by suppressing
the strain-induced transformation kinetics [16]. The influence of
the phases that surround retained austenite has also been well in-
vestigated. amongst the study results, retained austenite was more
stable when surrounded by bainitic ferrite than by ferrite [17,18],
and retained austenite grains embedded in a larger ferrite grain
were more stable than those at grain boundaries between fer-
rite grains [19]. The effects caused by surrounding phases are at-
tributed to the carbon concentration (e.g., retained austenite ad-
jacent to bainitic ferrite has a higher carbon content [18]), and
stress/strain partitioning and localization due to strength differ-
ences [14,18]. It has been clearly demonstrated in ref. [6] that there
is some variability in the final carbon enrichment between differ-
ent retained austenite islands [G]. In terms of retained austenite
morphology, Chiang et al. experimentally compared lamellar and
equiaxed austenite [20], and found that the former was more sta-
ble due to its surrounding microstructure (i.e., bainitic ferrite), its
higher carbon content due to the difference in volume fraction, and
its greater size. The stability difference due to retained austenite
morphology was therefore attributable to the aforementioned fac-
tors.

In retained austenite bearing steels, traditional metallographic
preparation, such as mechanical cutting and polishing, inevitably
introduces superficial austenite-to-martensite transformation due
to plastic deformation. In this regard, a great deal of work has
been undertaken employing quantum beams [21-26] for in-situ
observation. In-situ diffraction experiments offer a rapid method
of measuring carbon enrichment [23,24], internal stress | strain
[21,22,24], and phase volume fractions [21-23], throughout the
processing route or external loading. An in-situ high-energy X-
ray diffraction (hereinafter XRD) technique was employed by Choi
et al., who succeeded in obtaining the stress-strain response for
each phase during a tensile test [25]. Such in-situ XRD measure-
ments have primarily focused on obtaining averaged values and/or
behaviour for relatively wide regions of interest. However, the de-
tection of local variations, such as grain by grain variations and the
existence of local gradients inside grains, has thus far remained in-
tractable.

Recently, more direct techniques have been applied, which in-
volve measuring morphological and crystallographic characteristics
of individual grains in three dimensions (hereinafter 3D) [26,27].
With the advent of such state-of-the-art measurement techniques,
it is expected that the details of the austenite-to-martensite trans-
formation processes for practical materials with 3D complexity will
be fully understood. Jimenez-Melero et al. utilized a 3D-XRD tech-
nique [26] to map 3D crystallographic orientation in real space
[28], and successfully demonstrated the transformation behaviour
of individual austenite grains in terms of their carbon content and
grain size. As in the abovementioned reports, the transformation
behaviour was found to be primarily determined by the carbon
content, according to the overall pattern of increasing carbon con-
tent with decreasing austenite grain size.
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Since remarkable spot blurring and spot overlap occur dur-
ing plastic deformation in such XRD experiments [27], Jimenez-
Melero et al. were forced to utilize cooling instead of mechani-
cal loading in order to investigate austenite-to-martensite trans-
formation, for reasons of experimental accuracy [28]. More re-
cently, the present authors proposed a multi-modal technique
called diffraction-amalgamated grain boundary tracking (here-
inafter DAGT) [27]. X-ray tomography is capable of imaging dis-
persion particles and grain boundaries, enabling the reconstruction
of grains in polygonal form by identifying a great number of par-
ticles located along grain boundaries. The advantage of the DAGT
technique is that it enables the tracking of individual grain bound-
ary particles throughout a given plastic deformation process, for
the purpose of determining the change in grain morphology during
plastic deformation. The crystallographic orientation of each grain
is measured, simultaneously with the grain imaging, by employ-
ing a special XRD measurement in which a collimated X-ray beam
is raster scanned, with the sample being rotated during the raster
scan data collection. The DAGT technique has been successfully uti-
lized to reveal characteristic deformation behaviour of polycrys-
talline aluminium alloys in 3D [27,29].

In the present study, the DAGT technique was used to quan-
titatively assess the role of individual austenite grains in relation
to austenite-to-martensite transformation behaviour during plastic
deformation. Since there are far less visible grain boundary parti-
cles in a C-Mn-Si multi-phase steel than in chemically reactive alu-
minium alloys, contrast-enhanced X-ray nano-tomography (here-
inafter XNT) imaging of the dual phase microstructure has been
utilized to directly visualize retained austenite grains. In a previous
study, the spatial resolution of the phase-contrast X-ray tomogra-
phy images was limited to 3.3 pm when a DP steel with a relatively
small density difference between constituent phases was imaged
[30]. This does not appear sufficient to depict the morphology of
phases in practical steels in full 3D complexity. The present au-
thors have, however, recently achieved 150 nm spatial resolution
at a high X-ray energy of 30 keV, by developing a type of X-ray
Zernike phase-contrast XNT which is effective for imaging practi-
cal steels [31]. In the present study, this technique was for the first
time utilized for in-situ observation of the deformation and trans-
formation behaviour of a steel.

2. Experimental
2.1. Material used

A C-Mn-Si multi-phase steel with a chemical composition of
0.1 C, 5 Mn, 1 Si, and balance iron in mass% was prepared. A cold
rolled steel plate was subjected to intercritical annealing at 933 K
for 400 h, followed by water-quenched to room temperature to ob-
tain granular retained austenite. C-Mn-Si multi-phase steel consists
of a retained austenite phase interconnected in a reticulate man-
ner, and a matrix ferrite (Fig. S1 (a) and (b)). The volume fraction
of the retained austenite phase is 22.1%. The interconnected re-
tained austenite phase is divided, by transverse grain boundaries,
into austenite grains of approximately 3 pm in equivalent sphere
diameter (Fig. S1 (b)). The carbon content is inhomogeneous in
each retained austenite grain (i.e., there are locally high-carbon-
content regions scattered inside each grain, as shown in Fig. S1
(c)), and also remarkably different grain by grain. The density dif-
ference between the austenite and ferrite, calculated from mea-
sured local chemical compositions, is approximately 1.7%. The Ms
temperature, calculated from the local carbon content, is 20.1 °C
[14], and the Ms° temperature of C-Mn-Si multi-phase steel has
been reported to be —5 to 20 °C [14], which is not sensitive to
chemical compositions [32]. The Ms° temperature of the steel used
here was therefore estimated to be close to 20 °C, which implies
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Fig. 1. Schematic illustrations of the three set-ups for the X-ray nano-tomography and pencil-beam XRD experiments in a synchrotron radiation facility.

that the retained austenite phase of the present material was com-
paratively unstable for C-Mn-Si multi-phase steels.

Two in-situ tensile specimens (Fig. S2) were sampled in paral-
lel to the rolling direction, using the electro discharge machining
technique. An initial 1 mm x 1 mm square gauge section was then
electro polished to produce a nearly cylindrical gauge section of
about 0.1 mm in diameter.

2.2. Synchrotron experiments

Both the XNT and XRD experiments were performed at BL20XU
of SPring-8. The major conditions for the synchrotron experiments
are summarized in Table S1. Two experiments, several months
apart, were approved by SPring-8. In the first beamtime (Experi-
ment 1), XRD experiments were conducted as shown in the stress-
strain curves in Fig. S3; XRD was measured only in the initial un-
loaded state for Specimen A, but was repeated six times, along
with the stress-strain curve, for Specimen B. A projection-type X-
ray micro-tomography setup (Fig. 1(a)) was placed side-by-side
with the XRD or XNT setup at BL20XU, to match the region of in-
terest for both experiments. In the second beam time (Experiment
2), Specimen A was loaded and its deformation and transformation
behaviour observed using the XNT technique.

Note that the stress-strain curves (especially the elastic regions)
in Fig. S3 differ from the actual material response due to the rela-
tively low stiffness of the miniature material test rig specially de-
signed for synchrotron experiments. This is because a relatively
thin polymer tube is used as a load frame in consideration of its
transmittance. Significant stress relaxation, which inevitably causes
drift of regions of interest, was also observed in Fig. S3 in both
experiments. Microstructural patterns, such as particles and pores,
that were visible in the projected versions of the XNT images (at
both 0 and 90° of sample rotation angle) were tracked through-
out the tensile tests to capture diffraction spots/3D images from
exactly identical regions throughout the tensile tests.

2.2.1. XNT experiments (Experiment 2)

The entire specimen was imaged using the projection-type X-
ray micro-tomography technique, to identify the region of interest
for XRD measurement in Specimen A; and then the XNT technique
was employed at a higher magnification, to observe the region of
interest. A monochromatic X-ray beam of 20 keV was produced
by a liquid nitrogen-cooled Si (111) double crystal monochroma-
tor. The miniature material test rig was positioned approximately
80 m from the X-ray source.

For the projection-type X-ray micro-tomography (Fig. 1(a)), a
CMOS camera (ORCA Flush 4.0, Hamamatsu Photonics K. K.) of
4.0 megapixels was combined with an objective lens and a 20-
pm thick GAGG (GdsAl,Gaz0q5: Ce™) scintillator to set an effective
pixel size of 0.5 pm x 0.5 pm and a spatial resolution of 1.0 pm
in the reconstructed slices. The sample-to-detector distance, L, was
20 mm. The exposure time for each projection was 0.15 s. A total
of 1800 projection images were captured to reconstruct a single 3D
image.

In the XNT Experiment, a characteristic large-scale X-ray mi-
croscope was used, with L of 165 m, as shown in Fig. 1(b). Kéh-
ler illumination [33]| with a rotating condenser zone plate was
used to establish the imaging-type XNT setup with Zernike phase-
contrast mode [33]. An annular aperture was placed in front of
the condenser zone plate. A specially designed Fresnel zone plate
(hereinafter FZP) for high X-ray energy (i.e., apodization FZP [33]),
310 pum in diameter and 150 nm in outermost zone width, was
used. The focal length of the FZP was 500 mm, and the diffraction
efficiency was 9.1% at 20 keV. The FZP was located 500 mm down-
stream from the sample, and an annular phase plate was placed at
the back focal plane of the objective FZP (i.e.,, 500 mm from the
FZP), thereby providing the phase shift necessary for the Zernike
phase-contrast X-ray microscope [33]. The FZP, the sample and the
phase plate were set in the first experimental hutch. The same
CMOS camera was combined with an objective lens and 200-pm
thick LuAG(Lu3Als0¢,:Ce™) powder scintillator, and set in the sec-
ond experimental hutch, in a building separate from the SPring-8
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main ring building. The exposure time was 0.5 s. The XNT tech-
nique provided isotropic voxels with 0.061 pm edges (2 x 2 bin-
ning applied) and a spatial resolution of 0.16 ym in the recon-
structed images. The spatial resolution values were directly mea-
sured in the reconstructed slices by measuring edge responses at
visible interfaces in the specimens [33]. A total of 3600 projection
images were captured to reconstruct a single 3D image. In both ex-
periments, image slices were reconstructed from a series of projec-
tions based on the conventional filtered backprojection algorithm.

2.2.2. XRD experiments (Experiment 1)

The same CMOS camera was also combined with a 20-um thick
P43 (Gd,0,S:Tb*) powder scintillator, and set 20 mm downstream
from the specimens. The specimens were placed at the back fo-
cal plane of the objective apodization FZP (Fig. 1(c)) to collimate
the monochromatic beam to form an X-ray pencil beam. The X-
ray pencil beam was raster scanned (50 rows and 50 columns in
1 um increments) with the samples being rotated over 180° in
1° increments during the raster scan data collection, resulting in a
total of 450 000 diffraction patterns (i.e. roughly twenty-five mil-
lion diffraction spots in total in it) being captured for each load-
ing step. The exposure time was 0.03 s/pattern. Since the X-ray
beam was collimated down to a micron-level [2.7 | 3.4 pym (ver-
tical / horizontal directions) and 1.5 / 2.0 pm (ditto) for full width
at 50% and 75% of maximum, respectively] through use of the spe-
cially designed FZP, crystallographic orientation mapping was suc-
cessfully realized. The X-ray energy was tuned to 37.7 keV to cap-
ture diffracted spots from the y (111), (200), and (220) planes, and
parts of the y (311) and (222) planes (Fig. S4). The effect of spot
blurring due to retained austenite grain size along the X-ray beam
direction provides little contribution to the accuracy of spot broad-
ening measurements, accounting for approximately 1% of the aver-
age full width at half maximum values.

2.3. Image analysis

2.3.1. XNT images (Experiment 2)

3D median filtering was applied for noise reduction. Adaptive
thresholding [34] was then applied for segmentation of the XNT
images, due to the spatial variations in the grey value levels orig-
inating from artefacts. The threshold level required for the adap-
tive thresholding was determined such that the volume fraction of
the retained austenite phase agreed with that obtained by cross-
sectional EBSD measurement (i.e., 22.1%).

The grain boundaries of the retained austenite are not visible
in the XNT images, as the XRD data was too coarse to accurately
identify the location of these boundaries. The watershed algorithm
was therefore applied, to distinguish the austenite grains in the
XNT images (e.g., Fig. S1 (b)) [33]. The H-minima transform was
also applied, to overcome over-segmentation during the watershed
treatment [33].

2.3.2. XRD images (Experiment 1)

To suppress inaccuracies originating from image noise, only
diffraction spots over eight pixels in the diffraction patterns were
extracted for the subsequent analysis. Since the collimated beam
size is to some extent smaller than the actual grain size, a diffrac-
tion spot originating from a specific grain was consecutively ob-
served for each rotation angle during the raster scan data collec-
tion (e.g., Fig. S5 (a) - (c)). This provided projected grain images
(e.g., Fig. S5 (a) - (c)) for which each diffraction spot in the XRD
data corresponded to a retained austenite grain observed using the
XNT technique, based on their spatial consistency (i.e., each diffrac-
tion spot was back projected to the position occupied by a specific
grain observable in a corresponding XNT image). The details are
available elsewhere [27]. A pair of scattering vectors was used to
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Fig. 2. 3D morphology and crystallographic orientation of each of the 46 grains that
were embedded in the 30 x 30 x 30 pm unit box for Experiment 2. The colour code
in the 3D image corresponds to the [001] inverse pole figure in Fig. 7.

101

calculate the crystallographic orientation of each grain. Three pairs
(i.e., combinations of the three low angle planes; (111), (200), and
(220) planes) were in most cases available for each grain. Only
when three crystallographic orientations, as calculated from the
three pairs, fell within 0.5° was an average orientation assigned to
the corresponding grain, in order to ensure the accuracy and re-
producibility of the measurement.

The three pseudoprojected images of grains that originated
from the three low angle planes (e.g., Fig. S5 (a) - (c)) were also
used for reconstructing 3D retained austenite grains (e.g., Fig. S5
(d)). Although, due to the limited number of projections (only 3),
this reconstruction is very crude compared to the high-resolution
XNT images (3600), the data is nonetheless valuable for evaluating
interactions amongst neighbouring austenite grains when consid-
ering the dislocation density, crystallographic orientation, and me-
chanical driving force, as well as changes in their values during
loading, which were obtained in Experiment 1. The beam paths for
the three pseudoprojected images inevitably overlap at the loca-
tion of an original grain, which is also beneficial for eliminating
incorrect matching, both amongst the three pseudoprojected im-
ages and between the XRD data and XNT grain images.

The modified Williamson-Hall method was used to calculate the
dislocation density for each diffraction spot [35], and the average
dislocation density calculated for the three low angle planes was
assigned to the corresponding grain.

3. Results
3.1. Image-based analysis (Experiment 2)

Fig. 2 shows the 3D morphology and initial crystallographic
orientation of all the retained austenite grains. Complex austen-
ite morphology is observable in the figure, and there is clearly a
rolling texture; the majority of the retained austenite grains are
orientated so that the (111) direction (blue in the figure) is roughly
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Fig. 3. Annihilation of the retained austenite phase, y, during external loading in Experiment 2. An identical transverse virtual cross-section is shown in a series of nano-
tomography images. Note that the martensite phase was invisible with the present set-up due to its very small density difference from the ferrite phase, «.

parallel to the tensile direction, and many of the remaining grains
are accumulated around the (001) direction (red in the figure).
A few grains are present around the (101) direction. The over-
all annihilation behaviour of the retained austenite phase during
loading is shown, in Fig. 3, as the changes in an identical vir-
tual cross-section, which are summarized as the black solid cir-
cles in Fig. 4(a). Although arc-shaped ring artefacts are more or
less observed, as highlighted by arrows in Fig. 3(c), the morpho-
logical change in the retained austenite is clearly seen in Fig. 3.
Notably, as the figure suggests, the martensite phase was invisi-
ble with the present set-up, due to its very small density differ-
ence from the underlying ferrite phase. The onset of the austenite-
to-martensite transformation is seen between the applied strain
of 0.3 - 0.4%, which roughly corresponds to the yield stress. A
marked reduction in the retained austenite volume fraction clearly
occurs between 0.3 - 3.5%, and only a limited number of small seg-

ments are sparsely scattered at 4.7%. Some of the coarse retained
austenite grains remained until an applied strain of 2.5 - 3.5%,
and almost complete annihilation is observed at 8.3%, which corre-
sponds to the loading step immediately after the maximum stress
is reached. Although the macroscopic strain level at which trans-
formation occurred is different, this rapid transformation closely
agrees with the reported tendency (e.g., 0.15C-10Mn-1.5A1-0.2Si
and 0.22C-1.8Mn-0.04Al-1.4Si multi-phase steels in ref. [36]). De-
formation and transformation occurred homogeneously up to neck-
ing, whereas propagative instabilities with Liiders and Portevin-
Le Chatelier-like bands, reported in 0.15C-10Mn-1.5A1-0.2Si multi-
phase steel [36], were not observed in the present study.

An example of the austenite-to-martensite transformation of in-
dividual grains is shown in Fig. 5. Localized transformation, which
is indicated by an arrow in Fig. 5(a) is observed at an applied
strain of 1.3% for the green grain. The local transformation then
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Fig. 4. Variation in (a) the volume fraction and (b) the volume fraction normalized with each initial volume fraction of the retained austenite phase, with applied strain in
Experiment 2. The red, yellow, and blue circles indicate retained austenite grains with initial grain orientations to the tensile axis within 15° of the (111), (110), and (100)
directions, respectively (green circles denote the remaining orientations). Black circles indicate the sum of all the grains.
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Fig. 5. (a) Typical example of austenite-to-martensite transformation during loading in Experiment 2, together with the variation in grain size of the grain shown in (a)
expressed in terms of equivalent sphere diameters. The green retained austenite grain was connected to the three adjacent austenite grains highlighted in grey.

propagated, eroding vertically into a wedge-shape at 2.5%, followed
by an abrupt transformation between 2.5 and 3.5%. It is also ob-
served that an upper adjacent austenite grain (highlighted in grey)
transformed at roughly the same time as the green austenite grain,
whereas the lower right austenite grain (also highlighted in grey)
remained up to 3.5%, implying a variety of transformation be-
haviour for individual grains.

The change in austenite volume fraction was classified accord-
ing to the initial crystallographic orientation in Fig. 4(a), while the
annihilation rates are readily comparable in the normalized data
in Fig. 4(b). Close inspection of Fig. 4(b) reveals that the retained
austenite grains with a tensile axis within 15° of their initial (110)
direction exhibit rather rapid transformation, whereas those within
15° of the initial (111) direction exhibit a below-average transfor-
mation rate. Fig. 4(b) also reveals that the onset of the transfor-
mation was retarded in the case of the grains with a (111) ori-
entation, whilst rapid transformation occurred immediately after
the onset of loading for the grains with a (110) orientation. Fig. 6
shows the transformation behaviour of all 46 grains whose ini-
tial crystallographic orientations were successfully identified us-
ing the XRD data. In addition to the effects of the initial crystal-
lographic orientation (Fig. 4), coarse austenite grains are prone to
slow transformation, with the external strain level at which the
austenite grains fully transformed to martensite almost doubled in
the case of coarse (more than 3 pm in diameter) versus fine (less

than 2 pm) austenite grains. Gradual shrinkage is observed, espe-
cially in the case of coarser grains; whereas, in the case of smaller
austenite grains, transformation tends to be initiated later, after the
grain size has been maintained for a while, or immediately after
the onset of loading in the case of the remaining small austenite
grains.

3.2. Diffraction-based analysis (Experiment 1)

Fig. 7, which shows the crystallographic orientations of all 58
austenite grains that were obtained by crystallographic analysis of
the XRD data, reveals that their crystallographic orientations were
successfully identified throughout transformation. The rolling tex-
ture observed in Fig. 2 (the majority of retained austenite grains
present near to the (111) orientation) is also confirmed here. The
arrows in Fig. 7 indicate rotation paths during transformation.
When the transformation is protracted up to an applied strain of
3.5% or above, the majority of the grains are rotated to a non-
negligible extent; for example, 2.0° in rotation angle on average
for an applied strain range of 5.8%. It is also noteworthy that some
of the grains reversed their paths in the middle of transformation;
for example, the typical reversal by the grain circled in black in the
figure.

The respective variations in dislocation density in the retained
austenite grains are summarized and classified according to the
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initial grain orientations in Fig. 8. Although there seems to be a
wide variation in initial dislocation density and subsequent mul-
tiplication behaviour in Fig. 8(a), the averaged data shown in
Fig. 8(b) clearly demonstrates that the dislocation multiplication
behaviour of austenite grains is strongly affected by their crystal-
lographic orientation; the austenite grains close to the (111) ori-
entation exhibit a rather gradual increase in dormant dislocation
density, whereas those close to the (110) orientation exhibit rapid
multiplication. The (100) direction appears to represent an inter-
mediate tendency between the (111) and (110) directions.

In order to confirm the relationship between the austenite-to-
martensite transformation and plastic deformation for individual
grains, seven characteristic grains were extracted (Fig. 9), to illus-
trate the variety of behaviour observed during the increase in dis-
location density and transformation. It is evident that rapid trans-
formation is apt to occur for austenite grains that exhibit abrupt
dislocation density increase (grains G1, G3, and G6), whereas those
with moderate dislocation density increase (grains G2, G4, and G5)
tend to show slow and gradual transformation, while grain G7 ap-
pears to illustrate an intermediate tendency. In Figs. 10, S6, and S7,
these tendencies are interpreted in terms of the mechanical driving
force and Schmid factor.

The mechanical driving force, U, is the driving force necessary
for the stress-assisted transformation that occurs between Ms and

M°, which compensates for the lack of chemical driving force. It
has typically been estimated as the work done by applied stress,
as follows [37]:

U = 1y + onéo, (1)

where 7 and oy are the resolved shear stress and normal stress
acting on the habit plane of martensite, respectively. y ¢ is the
transformation shear strain along a transformation shear direction
on the habit plane, and € g is the dilatational strain in the direc-
tion normal to the habit plane. The mechanical driving force is de-
scribed for uniaxial tension with a tensile stress of o , as follows:

U= %Ga)/o sin 20 cosa + 0,€¢(1 + cos 26), (2)

where 6 is the angle between the tensile axis and the nor-
mal to the habit plane, and « is the angle between the trans-
formation shear direction and the maximum shear direction on
the habit plane. These equations imply that the austenite-to-
martensite transformation is dependant on the local stress state,
and differs grain by grain according to the grain orientation with
respect to the tensile direction. The maximum mechanical driving
force is generated for the maximum shear direction (i.e., @ = 0).
The values of y ¢ and € ¢ for C-Mn-Si multi-phase steel are avail-
able in the literature: y o = 0.26 and ¢ ¢ = 0.03 [38]. These yield
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Fig. 7. Crystallographic orientation distribution and rotation behaviour on a [001]
inverse pole figure. All 58 austenite grains that were successfully identified in Ex-
periment 1 are colour-coded according to the external strain level at which the
austenite-to-martensite transformation is completed.

the first transformation in the austenite grains with 6 = 42°, pro-
vided that the local tensile stress acting on the individual grains is
uniform. Since the present discussion focuses mainly on the early
stage of the austenite-to-martensite transformation, butterfly-type
martensite with its habit plane of {225}, which is nucleated prior
to lath martensite formation [39], is assumed in this analysis.

The mechanical driving force and Schmid factor were calculated
for the initial and the final stages of the transformation (Fig. S6),
and there was no conclusive evidence that either of these fac-
tors was predominant in the plastic deformation or transformation.
Rapid dislocation density increase is observed for the austenite
grains with lower Schmid factors (e.g., grains G1 and G3 in Fig. S6
(b)), and transformation retardation is observed for the austenite
grains with relatively higher mechanical driving forces (e.g., grain
G2 in Fig. S6 (a)). We then focused on the two early loading steps
at which almost all the grains exhibited the onset of transforma-
tion (Figs. 10 and S7). At an applied strain of 0.5%, the austenite
grains with higher driving forces are prone to commence trans-
formation (Fig. 10). The austenite grains orientated within 15° of
the (111) orientation are especially likely to show higher mechan-
ical driving forces. This is followed by the reduction in mechanical
driving forces at the later 2.3% applied strain. On the other hand,
there is little evidence of a Schmid factor effect on the initial trans-
formation behaviour (Fig. S7).

It would be of significant value if the visualization of inter-
action behaviour could help us understand both the discrepancy
between the averaged data (Fig. 10) and the data for individual
austenite grains (Fig. S6), and the wide dispersion of data for indi-
vidual austenite grains shown in Figs. 6,8,9, and 10. Fig. 11 shows
the interaction amongst grains G5 - G7 in Fig. 9. These grains are
adjacent to each other, and their crystallographic orientations are
relatively similar, with misorientation angles of 35.8°, 7.9° , and
38.1° for the G5-G6, G6-G7, and G7-G5 grain combinations, re-
spectively. Grain G6, with a fairly high mechanical driving force,
first transformed to martensite at an applied strain of 2.3%, which
was followed by the rather gradual transformation of grain G7.
Grain G5 was similar to grain G7 in orientation, and had a rela-
tively high mechanical driving force and Schmid factor. Of the 58
grains, however, only grain G5 was not completely transformed up
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Fig. 8. Change in the dislocation density of retained austenite grains with applied
strain. All 58 austenite grains that were successfully identified in Experiment 1
are classified, in (a), according to their initial grain orientation to the tensile axis:
within 15° of the (111), (110), and (100) direction, and other. (b) shows the change
in average values.

to an applied strain of 8.7%. Grain G5 was surrounded by hard
martensite plates originating from grains G6 and G7 at 2.3% ap-
plied strain. It is therefore reasonable to assume that these neigh-
bouring plates caused the retardation in the G5 transformation,
due to strong deformation constraint; and this would appear to
bear some affinity with the rather gradual dislocation density in-
crease in G5, seen in Fig. 9. Although it seems likely that the in-
ternal stress in the martensite grains increased with the plastic de-
formation of the neighbouring austenite grains, no damage was ob-
served in the martensite grains. This is attributable to the strength
of fresh martensite, which is greater than that of the aged marten-
site in DP steels for example. Another point to note is the con-
siderable rotation of grain G5, and accompanying reduction in the
Schmid factor, during transformation (Fig. S6 (b)). Grain G5 was
rotated by 7.2° towards (113) plane between an applied strain of 0
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from the total number of grains obtained in Experiment 1. The retained austenite
grain size is expressed as the average of the projected spot-cluster areas obtained
for three incident beam orientations; diffractions from the {111}, {200}, and {220}
planes.

and 5.8%, while its rotation was limited to 2.0% after the cessation
of the transformation in grain G7 at applied strain of 3.5%.

4. Discussion
4.1. Transition of transformation mechanisms

The stress-assisted and strain-induced transformation mecha-
nisms prevail at stress levels lower and higher than the yield stress
of austenite, respectively [16] (or in other words, at test temper-
atures lower or higher than M;®). It is therefore reasonable to
assume that the two mechanisms operate alternately; in many
cases, the strain-induced transformation is expected to enhance
the ductility-strength balance [14]. In this study, though the data
for individual grains was more or less dispersed, as will be dis-
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Fig. 11. Characteristic interaction amongst neighbouring retained austenite grains
displayed by coarsely reconstructing the morphologies of the grains only from the
X-ray diffraction data obtained in Experiment 1. Three projections were used for the
reconstruction. Austenite grains G5 - G7 (shown in Fig. 9) are displayed. The colour
code for the retained austenite grains corresponds to the [001] inverse pole fig-
ure in Fig. 7, while the hatched grains represent martensite (M) plates transformed
from austenite.

cussed later, the early stage of the austenite-to-martensite transfor-
mation was associated with the mechanical driving force, whereas
the overall transformation was interrelated with dislocation mul-
tiplication. This implies that the former was dominated by the
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stress-assisted transformation mechanism, while the latter may be
explained in terms of the strain-induced transformation mecha-
nism. The reason why the two mechanisms were observed in the
same material at the same time is the relatively low stability of
the C-Mn-Si multi-phase steel used in this study (i.e., test tempera-
ture close to M ). The austenite-to-martensite transformation was
observed up to an applied strain of 5.8%, which is not necessar-
ily exceptional compared to the other C-Mn-Si multi-phase steels
reported (e.g., more than 90% of the initial austenite was trans-
formed at an applied strain of 5% in Chiang’s 0.17C-1.53Si-1.5Mn
steel [20]).

In terms of the onset of the austenite-to-martensite transfor-
mation, it has been generally understood that the austenite phase
has higher yield strength, which is followed by higher harden-
ing rate, than the ferrite phase, as was demonstrated by Jacques
et al. [13] for a 0.29C-1.41Si-1.42Mn steel, by employing neutron
diffraction and digital image correlation. Tsuchida et al. reported
that blocky austenite grains, such as those observed in the present
study, exhibit a greater difference in phase strain between ferrite
and austenite than needle-like austenite grains [40]. It is there-
fore reasonable to assume that the austenite phase can undergo
stress-assisted martensite transformation even after the macro-
scopic yielding. As shown in Fig. S1 (d), a transformed grain con-
tains a number of martensite plates, which induces stress relax-
ation around subsequently transforming martensite plates, which
in turn hinders the formation of the next martensite plates [41]. In
addition to this, the formation of earlier martensite plates exerts
geometrical constraint on the transformation of subsequent plates
[41]. These factors are in qualitative agreement with the gradual
transformation of individual austenite grains observed in Figs. 5,6,
and 9, and it seems most likely that subsequent strain-induced
transformation would be inevitable for this reason.

4.2. Dominant factors of transformation

4.2.1. Mechanical driving force and schmid factor
Haidemenopolos et al. provided the relationship between stress
triaxiality, % and the mechanical driving force, as follows [42]:

aU
3G (3)

where o }, is the hydrostatic stress and & is the equivalent stress.
The mechanical driving force is reduced when the stress triaxi-
ality is reduced with the nucleation of the martensite adjacent
to austenite grains, and this would effectively reduce the rate of
the austenite-to-martensite transformation. It can, however, be in-
ferred that martensite variants that match the orientation of the
surrounding ferrite matrix are preferentially chosen [43], which
might impair the relationship governed by the mechanical driving
force.

In terms of the strain-induced transformation stage, it has been
generally understood that martensite variants nucleate on slip
planes with a high Schmid factor in austenite that preferentially
undergoes plastic deformation [43]. However, austenite grains with
high Schmid factors did not necessarily show transformation to
martensite in the present study (Figs. S6 and S7). Some of the
high Schmid factor grains were rotated instead, which sometimes
resulted in the Schmid factor reduction shown in Fig. S6 (b). It
is inferred that the Schmid factor reduction is more or less at-
tributable to the retardation in transformation. The results should,
however, be interpreted with caution; Tirumalasetty et al. pointed
out that such rotations are observed preferentially within single
ferrite grains because the stress state around austenite grains em-
bedded in larger ferrite grains is rather uniform (and therefore
relatively suppressed compared to stress-localized regions), result-
ing in rotation before the commencement of phase transformation

= —0.715 - 0.3206 2,
o
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[19]. In addition to the rapid disappearance of <110>-orientated
austenite grains due to transformation, deformation texture forma-
tion is apt to occur both in the ferrite and austenite phases. It
is well known that the ferrite and austenite phases are prone to
form (110) and (111) tensile fibre textures, respectively [44]. It is
also well understood that the retained austenite grains satisfy the
Kurdjumov-Sachs orientation relationship with the underlying fer-
rite matrix (i.e., (111)y /[ (110)e and [110]y [/ [111]«) [43]. This
relationship might be maintained during tensile deformation such
that both phases deform coordinately. There were, however, quali-
tative differences from the data shown in Fig. 7, where no obvious
texture formation tendency is observed. It can be inferred that the
austenite grains are too unstable to demonstrate such preferential
orientation behaviour under the relatively low plastic strain.

The influence of another factor, the stress partitioning mecha-
nism, should also be taken into account; the interactions with sur-
rounding phases can cause local stress elevation, thereby limiting
the direct consequence of the Schmid factor.

4.2.2. Austenite grain size

It has been well documented that the refinement of austen-
ite grains increases their stability [15,16,18], and this has been
phenomenologically postulated based on the following two view-
points: coarse austenite grains are prone to have a number of
pre-existing martensite nuclei, thereby accounting for their lower
stability [18]; and the interfacial energy at an interface between
an emerging martensite and residual austenite acts as an en-
ergy barrier [18]. These posited phenomena are associated with
both the stress-assisted and strain-induced martensite transforma-
tion mechanisms. Based on their model analysis, Haidemenopou-
los et al. concluded that the stability enhancement due to the re-
finement in austenite grain size is mainly attributable to retarda-
tion in the strain-induced transformation kinetics [16]. In contrast
to these reports, Fig. 6 clearly shows that coarse austenite grains
exhibited prolonged transformation, which is usually beneficial for
the strength-ductility balance. It should be noted here that, in the
current literature, austenite grain size typically ranges between 0.1
and 1 pm, whereas, in the present study, it exceeded 1.5 pm (ap-
proximately 4 pm at the maximum). Since the sampling volume
increases by two orders of magnitude with an increase in aver-
age grain volume from 0.6 um (i.e., the optimum retained austenite
grain size proposed by Cai et al. [15]) to 3 pm (the average austen-
ite diameter in this study), it is reasonable to conclude that the
claims alluded to above must be questioned.

Takaki et al. revealed, on the basis of the elastic strain energy
required for martensite nucleation, that multi-variant transforma-
tion does not occur when austenite grains are refined to 1 pm or
less, suppressing martensitic transformation in metastable austen-
ite [45]. This is consistent with the microstructural features here
observed after transformation (Fig. S1 (d)); the grain size of all
the austenite grains well exceeded 1 pm in the C-Mn-Si multi-
phase steel used in the study. It is reasonable to assume that,
during the formation of multi-variant martensite from a coarse
and blocky austenite grain, not all the variants are simultaneously
formed; variant selection occurs based on the mechanical driv-
ing force, Schmid factor, and/or reduction in the interfacial energy
between ferrite and martensite (as discussed by Yamashita et al.
[43]). For example, Miyamoto et al. reported that, of 24 possible
martensite variants, 6 selected variants that satisfied the relation-
ship, (011)e//(111)y (i.e., the primary slip plane of y),), were pref-
erentially formed under a relatively low applied strain of 10% [46].
The formation of earlier variants exerts stress relaxation and ge-
ometrical constraint on the growth of subsequent variants [41],
thereby resulting in the gradual transformation observed in the
present study.
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In addition, Haidemenopoulos et al. investigated the effects of
stress triaxiality changes and average austenite grain size in light of
the Olson-Cohen theory of heterogeneous martensitic nucleation,
and concluded that, in the case of coarse austenite grains, high
stress triaxiality promotes both stress-assisted and strain-induced
transformation at low strains [16]. It can be inferred that the ex-
istence of neighbouring hard particles, such as those in Fig. 11,
can reduce the hydrostatic stress in austenite before transforma-
tion, which may be one of the reasons why the coarse austenite
grains exhibit obvious retardation in transformation.

4.2.3. Dispersion in the data for individual grains

Wide dispersion in the data for individual austenite grains was
seen in Figs. 6,8,9, and 10. The austenite-to-martensite transforma-
tion is inherently accompanied by volume expansion, which has a
significant influence on the transformation behaviour of neighbour-
ing austenite grains. The influence of neighbouring hard phases
(here, emerging martensite) has already been discussed. The influ-
ence of the austenite grain itself and the surrounding ferrite phase
are discussed below.

Fundamentally, in this context, the chemical driving force is a
function of the chemical composition of austenite. Of the three
constitutive chemical elements of C-Mn-Si multi-phase steel, the
diffusion of Mn is relatively slow at an intermediate processing
temperature range such as 650 °C. Mn is therefore less apt to dis-
tribute homogeneously in C-Mn-Si multi-phase steel, thereby caus-
ing spatial variation in austenite stability [15]. According to the
nanoindentation experiments performed by He et al., ferrite has
only a small variation in hardness, while a large scatter is observed
in austenite grains [47]. He et al. attributed the latter to the grain
boundary structure of austenite, in addition to the effects of inho-
mogeneous Mn distribution.

In addition, it is of crucial importance to evaluate the effect of
the underlying soft ferrite phase, which was not performed in this
study. It has been reported that preferential transformation was
observed in the case of austenite grains located at the triple junc-
tions amongst ferrite grains, especially for larger ferrite grains, due
to their low stability, in contrast to the austenite grains that were
completely embedded in larger ferrite grains [19]. This would be
partly attributable to stress localization at the grain boundaries. As
noted in SubSection 4.2.1, the underlying ferrite also exerts marked
effects on the rotation behaviour of austenite grains. Another point
to note is that the true nature of the austenite-to-martensite trans-
formation is also associated with the crystallographic relationship
between the transforming martensite and the surrounding ferrite.
According to Yamashita et al., austenite grains are prone to trans-
form such that the crystallographic orientation of the consequent
martensite variant matches that of the surrounding ferrite matrix
[43]. This might function as an additional cause of the dispersion
in austenite stability.

5. Conclusion

The gradual transformation behaviour of individual austenite
grains, which lasted for more than 8% in applied strain, was clearly
observed in 3D. The individual transformation behaviours were
classified based on the initial crystallographic orientation and size
of the grains. Drastic reduction in the retained austenite volume
fraction (i.e., from 22.8 to 6.8% on average) occurred between an
applied strain of 0.3 and 3.5%; and coarse austenite grains, which
are typically greater than 2.5 pm in diameter, remained until an
applied strain of approximately 3 - 6% on average was applied.
A number of grains were rotated to a non-negligible extent (e.g.,
2.0° on average for an applied strain of 5.8%), and some of the high
Schmid factor grains (e.g., those of 0.48 or higher) were rotated
instead of being transformed, sometimes resulting in a reduction
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in the Schmid factor. The retained austenite grains with a tensile
axis within 15° of their initial (110) direction exhibited somewhat
rapid transformation (i.e., about 38% of the initial volume fraction
at an applied strain of 1.3%), whereas those within 15° of the ini-
tial (111) direction exhibited a below-average transformation rate
transformation (i.e., also about 38% of the initial volume fraction at
an applied strain of 3.5%). This was consistent with the measured
dislocation multiplication behaviour of the individual grains.

Coarse austenite grains were prone to rapid transformation,
which is contrary to what is reported in the literature: the level
of external strain at which the coarse austenite grains were fully
transformed to martensite was more than double (i.e., 4.7% for
grains larger than 2.5 pm in diameter) the corresponding level
for fine austenite grains (i.e., 2.0% for grains smaller than 2.5 pm
in diameter). This was attributed to the influence of multi-variant
martensite transformed from the coarse austenite grains.

During the early loading stages (i.e., an applied strain range of 0
- 0.5%), austenite grains with higher driving forces tended to pref-
erentially commence transformation. The early stage of the trans-
formation was thus associated with the stress-assisted transforma-
tion controlled by the mechanical driving force, whilst the overall
transformation was interrelated with the strain-induced transfor-
mation controlled by the dislocation multiplication. It is also note-
worthy that the data for individual austenite grains was widely
dispersed, and it was clearly demonstrated that such characteristic
behaviour was owing to the grains’ interactions with neighbour-
ing phases. For example, the martensite emerging adjacently to
austenite inevitably caused retardation in the transformation, along
with the gradual dislocation density increase due to strong defor-
mation constraint.
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