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Abstract: Herein, the texture developments of γ austenite, ε martensite, and α’ martensite during
the tensile deformation of SUS 304 stainless steel were observed by using the in situ neutron diffraction technique. Combined with the microstructure and local orientations measured by electron
backscattered diffraction (EBSD), the mechanisms involved in the deformation-induced martensite
transformation (DIMT) in the SUS 304 stainless steel were examined based on the neutron diffraction
results. The results revealed that the ε martensite inherited the texture of the γ austenite, that is,
their main components could be connected by Shoji–Nishiyama orientation relationship. The variant
selection was qualitatively evaluated based on the Schmid factors of the {111} 211 slip systems.
The results revealed that the ε→α’ transformation occurred easily in the steel sample. Consequently,
the volume fraction of the α’ martensite phase observed by EBSD was higher than that observed
by neutron diffraction. In addition, at a true strain of 0.42, a packet structure consisting of two
α’ martensite variants was observed in the steel sample. However, the original orientation of the
variants did not correspond to the main components in the γ or ε phases. This suggests that the two
α’ martensite variants were transformed directly from the lost component of the γ matrix. These
results indicate that the γ→ε→α’ DIMT was first activated in the steel sample, after which the γ→α’
DIMT was activated at the later stage of deformation.
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1. Introduction
The transformation-induced plasticity (TRIP) effect in austenitic steels has been reported since the 1950s [1]; however, its mechanism is yet to be fully understood. The
complexity of the TRIP effect can be attributed to the formation of ε martensite as an intermediate phase during the γ→α’ deformation-induced martensite transformation (DIMT)
in steel. Although the formation of ε martensite by DIMT is well-known, it has rarely been
investigated from an engineering aspect [2]. Several researchers have extensively investigated the relationship between the α’ martensite fraction and the mechanical properties
of steel, particularly, the strain-hardening rate [2,3]. However, to achieve the desired mechanical properties in steel by controlling its chemical composition and/or microstructure,
it is necessary to understand the effects of the γ→ε→α’ and γ→α’ DIMT mechanisms on
the deformation of steel. Masumura et al. investigated the DIMT behaviors of 18Cr–8Ni
steels containing 0.1 mass% C or N by a rolling process [4]. They found that the quenched
0.1 C steel contained more thermal α’ martensite than the quenched 0.1 N steel. Contrarily, more α’ martensite was formed in the deformed 0.1 N steel than in the deformed
0.1 C steel. However, more deformation-induced ε martensites were observed in 0.1 C
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steel than in 0.1 N steel. Tiamyu et al. observed ε martensite in coarse-grained (37 µm)
compression-deformed AISI 321 steel, but not in the fine-grained (0.24 µm) sample [5].
However, more α’ martensites were formed by DIMT in the fine-grained sample than in
the coarse-grained sample. These observations indicate that the γ→ε DIMT mechanism is
important for explaining the development of α’ martensite and the mechanical properties
of steel.
In this paper, we discuss the results from our previous experiment on 304 stainless
steel (Part I) [6] from a different aspect. In Part I, we discuss the relationship between the
mechanical behavior of 304 stainless steel and the volume fraction of the formed martensite,
as well as the dislocation structure in the austenite phase.
In this study, we focused on the texture developments of the γ, ε, and α’ phases. The
results are discussed by combining the overall average textures measured by neutron
diffraction and the local misorientations measured by electron backscattered diffraction
(EBSD). The results revealed that the texture of the ε phase can be understood based on the
inheritance of the texture components of the γ matrix and the activation of {111} 211 the
slip system. In addition, examinations of the α’ orientations revealed that the DIMT did not
necessarily go through the γ→ε→α’ route, but the γ→α’ route. Furthermore, the original
γ matrix orientation corresponding to the observed α’ orientations differed from the main
texture component of the γ matrix. These observations indicate that the γ→ε→α’ DIMT
was initially activated, but γ→α’ DIMT was activated in the latter stage of deformation.
2. Materials and Methods
2.1. Sample and Experiment
The data used in this study were the same data reported in our previous study,
(PART I) [6] and were obtained by in situ neutron diffraction experiments during tensile
deformation using iMATERIA at the Japan Proton Accelerator Research Complex, Materials
and Life Science Experimental Facility (J-PARC MLF, Ibaraki, Japan). Although detailed
explanations of the samples, experiments, and analysis are described in PART I, some
essential parts are described in Section 2.1.
Commercial SUS 304 stainless steel was used as the sample. The tensile test was
conducted at a constant crosshead speed of 0.3 mm/min at room temperature (300 K). The
diffraction data were acquired every 1800 s and were used for the analysis. The increment
in the strain every 1800 s corresponded to approximately 0.02–0.025.
The diffraction patterns of the steel sample were recorded at 132 observation points,
using iMATERIA. The 132 diffraction patterns were simultaneously fitted by considering the texture, using the Rietveld texture analysis (RTA) method. Consequently, some
properties of the materials were obtained. In Part I, the mechanical response of the steel
sample was discussed based on the development of the phase fractions and line profile
parameters. Herein, the mechanical properties of the steel sample were discussed based
on the textures of the formed phases, which were simultaneously determined with the
aforementioned parameters.
The RTA was conducted using the MAUD software (Trento, Italy) (ver. 2.9.3). [7] The
entropy-modified Williams–Imhof–Matthies–Vinel (E-WIMV) was applied as the orientation distribution function (ODF) calculation method, with a 5◦ resolution for austenite and
α’ martensite, and 10◦ resolution for ε martensite. At this stage, we did not assume any
sample symmetry. For further analysis, the ODFs were calculated from the pole figures
exported from the MAUD software, using the MTEX toolbox (ver. 5.3.1) on MATLAB
(2020a) [8]. Hereafter, the Euler angles are expressed based on the Bunge’s definition [9].
For the hexagonal

 close-packed ε martensite, the crystal basis was set such that x was
parallel to 2110 , that is, the a axis of the unit cell. The ODF plots in the Euler space were
calculated with an orthorhombic sample symmetry.
EBSD measurements were conducted by using a scanning electron microscope (Hitachi
SU5000, Tokyo, Japan) equipped with an EDAX OIM system. The microstructures of the
steel sample were observed in the mid layer parallel to the sheet plane.
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2.2. Numerical Analysis of the Transformation Orientation Relationships
To determine the texture components of the three phases, simple transformation
texture calculations were conducted. For the γ→ε DIMT, the two phases exhibit
 the
 Shoji–


Nishiyama (S–N) orientation relationship, that is, (111)γ k (0001)ε and 101 γ k 2110 ε .
This transformation can be assumed to be a simple shear on the {111} 211 slip system.
Therefore, the orientation of the ε phase
 obtained by rotating the z and x of the crystal
 was
basis corresponding to the [111]γ and 101 γ . This rotation can be expressed by using Euler
◦
◦
◦
◦ 
angles as follows: 45 + 90 i, 54.74 , 60 j , where i = 0, 1, . . . , 3 and j = 0, 1, . . . , 5. Although
the variations of j fall in the equivalent orientation, each corresponds to the activation
of different {111} 211 slips. The rotation matrix (R1 ) was calculated from the set of the
Euler angles. The crystal orientation of the γ phase (gγ ) was also represented by using the
rotation matrix (Gγ ( gγ )), which is defined by the Euler angles [9]. Hence, the orientation
of the ε phase (Gε ) can be calculated as follows:
Gε = R1 Gγ

(1)

Consequently, the inverse manipulation can be obtained by applying the inverse
rotation matrix:
Gγ = R1−1 Gε = RT1 Gε
(2)
This can be used to observe the origin of the orientation of the product.
The transformation texture was calculated by applying Equation (1) to all the orientations of the γ austenite phase. In this study, the γ→ε DIMT was estimated by using the
transformation texture calculations. First, the ODF of the γ matrix was discretized into
5000 orientations. Subsequently, from each matrix orientation, 24 variants were calculated
for the ε phase. These variants
to {111} 211 slip systems, considering the

 corresponded


directional signs, that is, 211 and 211 were separately considered. Consequently, the
ε phase formed by the six systems on a certain {111} plane had the same crystal orientation.
However, they were treated separately for the subsequent Schmid factor considerations.
By integrating 120,000 (i.e., 24 × 5000) orientations without any weight, a transformation
texture with no variant selection rule was obtained.
To observe the effect of the Schmid factors of the {111} 211 systems on the variant
selection, the Schmid factor was applied as the weight of the ODF integration process. The
Schmid factors can be negative for certain slip systems. This indicates that the activation
of the system produced a compressive strain in the selected tensile direction. Hence, the
system was inactive during the tensile deformation, and the corresponding weight was set
to zero. The aforementioned discretization and reintegration of the ODF were conducted
by using the MTEX toolbox.
The consideration of the γ→α’ or ε→α’ DIMT was more complicated than that of the
γ→ε DIMT, owing to the large lattice distortion and deviation

 from
 the
 exact Kurdjumov–
Sachs (K–S) orientation relationship, (111)γ k (011)α0 , 101 γ k 111 α0 . The total lattice
distortion matrix (P1 ) can be expressed as follows [1]:
P1 = R2 BP

(3)

where R2 is the rigid body rotation matrix, B is the Bain distortion, and P is the complementary shear. B was calculated by using the lattice parameters of the γ and α’phases.
In this study, we used a0 = 0.35945 nm for γ and a = c = 0.28743 nm for α’ based on the
results of the neutron diffraction analysis. Because the lattice parameter of martensite
was determined under stress, it may contain certain errors. However, the first three digits
should be reliable. Therefore, the R2 , P, and P1 were determined such that the total distortion exhibited an invariant plane, and the direction followed the Bowles–Mackenzie
theory [10], as explained in the book by Nishiyama [1]. As B and P have no effect on the
crystal orientation, the orientation of the α’ martensite can be calculated with R2 and the
Bain coordinate transformation.
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Figure 4. φ2 sections of the orientation distribution function (ODF) of γ austenite at (a) E = 0 and (b)
E = 0.42. The increment of φ2 was 5°.
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Figure 5. ϕ2 sections of the ODF of (a) ε martensite and (b) α’ martensite at εt = 0.42. The increment of ϕ2 was 5◦ .
of φ2 was 5°.
Table
1. Texture
components
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εt = 0.42.
Table 1.
Texture
components
observed
at εt = at
0.42.

Phase
γ austenite

ε martensite

α’ martensite

Orientation Name Phase
Rotated Brass (RB)
γ austenite
Goss (G)
Near cube (NC)
Main (M) ε martensite
Sub 1 (S1)
Sub 2 (S2)
α’ martensite
30°-rotated cube (30RC)
Quench 1 (Q1)
Quench 2 (Q2)

Euler
Angles Name
Approximate
(hkl)[uvw] Approximate
Orientation
Euler Angles
(hkl)[uvw]
011 111
(55°, 45°, 0°)


◦ , 45◦ , 0◦ )
(55011
(011) 111
100
(0°,Rotated
45°, 0°)Brass (RB)
◦
◦
◦
Goss (G)
(0 , 45 , 0 )
(011)[100]
015 100
(0°, 12.5°, 0°)
Near cube (NC)
(0◦ , 12.5◦ , 0◦ )
(015
)[100] 
(32.5°, 42.5°,
5°)(M)
011
◦, 2
◦ , 03
Main
(32.5
42.544
5◦ )
01124403
◦ , 90
◦)
112
0 ◦ ,22
(15°, 90°,Sub
30°)1 (S1)
(15
3001
1120  2201
◦ , 90, 30◦ )
Sub
2
(S2)
(90
1120 [0001
1120 0001
(90°, 90, 30°)
]
◦ -rotated cube (30RC)
◦ , 0◦ , 0◦ )
30
(30
001
530
(
)
001 530
(30°, 0°, 0°)


Quench 1 (Q1)
(90◦ , 62.5, 45◦ )
(332)113
332
1
1
3
(90°, 62.5, 45°)
Quench 2 (Q2)
(40◦ , 47.5, 45◦ )
(223) 142
(40°, 47.5, 45°)
223 142

Owing to the stability of the martensite textures, the textures of the martensite observed after deformation, when the highest volume fractions of the martensite phases
were observed, are discussed. The observed texture of the ε martensite consisted of one
dominant and two minor components. The components are hereafter referred to as Main
(M), Sub1 (S1), and Sub2 (S2), respectively.
◦
The textures of the α’ martensite exhibited dominant peaks at (30 − ϕ2 , 0◦ , ϕ2 ) and
◦
◦
(60 − ϕ2 , 0 , ϕ2 ), which were geometrically equivalent orientations, {001} 530 . Hereafter,
the orientations are referred to as the 30◦ -rotated cube (30RC) component. The other
component, Quench 1 (Q1) (Table 1), is often observed in acicular ferrite and martensite in
low-alloyed steels transformed upon cooling [12]. However, Q2 has not been frequently
reported in literature, but is often observed in transformation textures.
3.2. Microtextures Observed by EBSD
Figure 6 shows the microstructure and orientations of the deformed sample up to a
true strain of 0.11. According to the neutron diffraction results, austenite and ε martensite
were formed in this sample; however, α’ martensite should be almost zero (see Figure 2).
In contrast, the EBSD observations revealed that the volume fraction of the α’ martensite in
the steel sample was larger than that of the ε martensite. This could be attributed to the
formation of the α’ martensite phase during the surface preparation of the steel, such as the
cutting and polishing processes [13]. Alternatively, this could be attributed to the change
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In contrast, the EBSD observations revealed that the volume fraction of the α’ martensite
in the steel sample was larger than that of the ε martensite. This could be attributed to the
formation of the α’ martensite phase during the surface preparation of the steel, such as
the cutting and polishing processes [13]. Alternatively, this could be attributed to the
in the environment around the ε martensite by the surface of the steel, thus resulting in the
change in the environment around the ε martensite by the surface of the steel, thus resultε→α’ transformation.
ing in the ε→α’ transformation.

Figure 6. (a–c) Phase partition maps of the electron backscattered diffraction (EBSD) measurement results of the deformed
Figure 6. (a–c) Phase partition maps of the electron backscattered diffraction (EBSD) measurement results of the deformed
sample up to a true strain of 0.11. The white and colored points correspond to the selected phase. (d–f) Discrete pole
sample up to a true strain of 0.11. The white and colored points correspond to the selected phase. (d–f) Discrete pole figures
figures of the corresponding phase maps. The same color highlighting is applied as in the maps; (a,d) γ austenite, (b,e) ε
of the corresponding
phase
maps. The same color highlighting is applied as in the maps; (a,d) γ austenite, (b,e) ε martensite,
martensite,
and (c,f) α’
martensite.
and (c,f) α’ martensite.

Hence, the α’ martensite was considered to be formed after the tensile deformation.
Hence, the α’ martensite was considered to be formed after the tensile deformation.
However, its existence suggests that the ε→α’ transformation occurred easily in this steel.
However, its existence suggests that the ε→α’ transformation occurred easily
in this steel.
In addition, the Burgers orientation relationship [14], 0001 ∥ 011 , 2110  ∥ 111  ,
In addition, the Burgers orientation relationship [14], (0001)ε k (011)α , 2110 ε k 111 α ,
was confirmed between the ε and α’ phases. In addition to the S–N orientation relationwas confirmed between the ε and α’ phases. In addition to the S–N orientation relationship
ship between the γ and ε phases, a K–S orientation relationship was observed between
between the γ and ε phases, a K–S orientation relationship was observed between the γ
the γ and α’ phases.
and α’ phases.
The highlighted pole figures revealed that the ε phase exhibited two different orienThe highlighted pole figures revealed that the ε phase exhibited two different orientatations (Figure 6e). Considering the sample symmetry and orientation of the matrix grain
tions (Figure 6e). Considering the sample symmetry and orientation of the matrix grain
((011)
γ perpendicular to Z), the results revealed that these orientations were geometri((011) γ perpendicular to Z), the results revealed that these orientations were geometrically
equivalent orientations. The Euler angles of these ε martensite orientations were approximately (40◦ , 30◦ , 0◦ ) ε and (220◦ , 30◦ , 0◦ ) ε. Technically, based on the S–N relationship, the
(40◦ , 35◦ , 0◦ ) ε component was expected to originate from approximately the center of the
observed orientations of the γ phase, (310◦ , 45◦ , 0◦ ) γ.
The orientations shown in Figure 6f are close to the Q2 components; however, it
is unclear if these α’ martensite phases were transformed during the deformation test.
In addition, in this microstructure, the main component of α’martensite (30RC) was not
observed inside the RB-oriented matrix grain.
Figure 7 shows the microstructure of the steel sample at a strain of 0.42. The ε
martensite was almost not observed at a strain of 0.42. This indicates that the unstable ε
martensite phase disappeared during the surface preparation of the sample. This could be
one of the reasons why the existence of ε martensite in 304 stainless steel is often ignored
or overlooked in the literature.
As shown in Figure 7a, a fishbone-shaped retained austenite structure with a <111>||X
(blue) alignment can be observed. The formation of the fishbone structure could be attributed to the formation of the martensite band shown in Figure 6. In addition, vast
<100>||X (red) regions were confirmed, from which the original grain shape was easily
observed. This suggests the orientation preference of DIMT. However, the findings of this
study are not consistent with those of Yamasita et al., on a low-alloyed TRIP steel [15], in
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 the
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tensite phase disappeared during
surface preparation of the sample. This could be one
to the RB component, (011) 111 . In addition, the surrounding martensite had a complex
of the reasons why the existence of ε martensite in 304 stainless steel is often ignored or
structure consisting of two different orientations: Q2 (blue) and near 30RC (red) components.
overlooked in the literature.

Figure 7. Phase partition maps and corresponding discrete pole figures of the deformed sample obtained by EBSD measFigure 7. Phase partition maps and corresponding discrete pole figures of the deformed sample obtained by EBSD
urement up to a true strain of 0.42. (a,d) Inverted pole figures (IPF) (X) maps, (b,e) colors highlighted in the blank maps,
measurement
up to a pole
true strain
(a,d) Inverted
pole
figures
(IPF)
(X) maps,
(b,e) colors
in 0.42.
the blank
and (d,f) highlighted
figuresofof0.42.
the (a–c)
γ austenite
and
(d–f) α’
martensite
measured
at ahighlighted
true strain of
Note
maps,
and
(d,f)
highlighted
pole
figures
of
the
(a–c)
γ
austenite
and
(d–f)
α’
martensite
measured
at
a
true
strain
of 0.42.
that the tensile axis, X, is horizontal in the maps, but vertical in the pole figures.
Note that the tensile axis, X, is horizontal in the maps, but vertical in the pole figures.

As shown in Figure 7a, a fishbone-shaped retained austenite structure with a
4.
Discussion
<111>||X
(blue) alignment can be observed. The formation of the fishbone structure could
4.1.
γ
→
ε
Transformation
be attributed to the formation of the martensite band shown in Figure 6. In addition, vast
<100>||X
(red) regions
were confirmed,
from whichfrom
the aoriginal
grainusing
shapeEquation
was easily
The original
matrix orientation
can be determined
ε orientation
(2)
observed.
This
suggests
the orientation
preference
of DIMT.
However,
the findings
this
as
shown in
Figure
8. Figure
8a shows the
M component
of the
ε martensite
on (0001)ofpole
study are
notpossible
consistent
with variants
those of Yamasita
et al., for
on aone
low-alloyed
TRIP
[15], in
figure.
Two
reverse
were observed
orientation
of εsteel
martensite.
which
they
reported
that
<111>-oriented
grains
survived
more
than
<100>and
<110>-oriOne of them, Figure 8b, is close to the RB orientation. The deviation from the exact RB was
◦ , which
ented
grains.
7.9
is close, but too large, to be regarded as the experimental error.
As shown
in Figure
the retained
fishbone-shaped
austenite
is mainly
oriented
This
deviation
could7b,c,
be attributed
to the
crystal rotation
of the matrix
grains.
Parto the RB component,
011shown
111 . In
surrounding
martensite
a complex
ticularly,
the ε martensite
in addition,
Figure 6 the
does
not correspond
to thehad
center
of the
structure consisting
of two
different
orientations:
Q2 (blue)
and near 30RC
(red) compoorientation
distribution
of the
matrix grain.
In addition,
the ε martensite
may rotate,
owing
nents.
to
plastic deformation. As certain orientation spreads are confirmed in the martensite
phases in Figure 6, the ε martensite, or the region about to transform into ε martensite,
might experience slip deformation to some extent.
Alternatively, the deviation can be explained based on the crystal symmetry. In the
exact RB orientation (or the orientation deviated owing to the rotation around the ND),
there were two geometrically equivalent {111} poles. These two variants can be equivalently
activated to transform into ε martensite if the mechanical driving force of DIMT can be
explained by the Schmid factor (Figure 6e). Consequently, these non-parallel ε plates intercepted each other and prevented further growth. In contrast, the geometrical equivalence


of {111} disappeared in the deviated orientation (Figure 8b). Hence, a certain 111 121
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4. Discussion
4.1. γ→ε Transformation
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Figure 8. Pole plots of the (a) M texture component of the ε phase and (b,c) the candidate orienta-

Figure
Pole
plotswhich
of thecan
(a)transform
M textureinto
component
of the
ε phase and (b,c) the candidate orientations
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the M-oriented
ε phase.
of the γ phase, which can transform into the M-oriented ε phase.
This deviation could be attributed to the crystal rotation of the matrix grains. Particularly,
the ε martensite
shown in
Figure
does not correspond
to the center of the
orien- the results
Although
the deviation
could
be6 attributed
to the aforementioned
reasons,
tation distribution
of the texture
matrix grain.
In addition,
the εmatrix
martensite
may
rotate, owing into
to the main
indicate
that the main
component
of the
(RBs)
transformed
plastic deformation.
certain orientation
spreads
confirmed
theand
martensite
phases
component
of the εAs
martensite
phase (M).
In are
addition,
theinS1
S2 components
of the ε
in Figure 6, the ε martensite, or the region about to transform into ε martensite, might
martensite
phase closely corresponded to the RBs component. If the texture of the ε phase
experience slip deformation to some extent.
only reflects
the texture of the γ matrix, it can be calculated by using Equation (1), without
Alternatively, the deviation can be explained based on the crystal symmetry. In the
applying
variant selection
rules. Figure
9a shows
thetheestimated
ODF of
ε phase from
exact RB orientation
(or the orientation
deviated
owing to
rotation around
thethe
ND),
the
ODF
of two
the γ
matrix shown
in Figure
Here,
thetwo
positions
the
concenthere
were
geometrically
equivalent
{111}4b.
poles.
These
variantsof
can
beorientation
equivalently activated
to transform
intothe
ε martensite
if the
mechanical
driving force
of DIMT can
trations
were consistent
with
measured
positions
in Figure
5a. However,
the dominant
be explainedwas
by the
(Figure
6e).perpendicular
Consequently, these
non-parallel
ε plates
component
S2,Schmid
wherefactor
(0001)
ε was
to the
tensile axis.
Although RBs

have one of the {111} γ planes, which are perpendicular to the tensile axis, the Schmid factor
of the {111} 211 systems on this plane was zero. Previous studies have reported that the
Schmid factor of {111} 211 system is a simple and valid factor for evaluating the effect of
mechanical force on the activation of γ→ε DIMT [16,17]. Therefore, an ODF estimation that
uses the Schmid factor as the weight was conducted. The ODF result is shown in Figure 9b.
The S2 component was suppressed, and the dominant component was the near M component. This result is more consistent with the measured ODF compared with the estimated
ODF in Figure 9a; however, the peak positions were not perfectly consistent. This result
indicates that a more accurate estimate can be obtained by considering other factors, such
as the effects of the symmetry and transformation timing on the microstructure formation.
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Figure 10. Two variants, V1 (red) and V2 (blue), of the α’martensite transformed from an RB-oriented γ matrix (green)
Figure 10. Two variants, V1 (red) and V2 (blue), of the α’martensite transformed from an RB-oriented γ matrix (green)
shown in (a) {111}, (b) {110}, and (c) {001} pole figures.
shown in (a) {111}, (b) {110}, and (c) {001} pole figures.

According
to the
thegrouping
groupingofofvariants
variantsbybyTakayama
Takayama
et al.
[18],
relative
relationAccording to
et al.
[18],
thethe
relative
relationship
ship
between
these
variants
was
V1/V2,
which
has
also
been
observed
in
thermal
martenbetween these variants was V1/V2, which has also been observed in thermal martensite.
site. Although these variants shared the close-packed (011) plane, they belonged to different Bain groups. In addition, the shared (011) plane was perpendicular to the tensile axis
(Figure 10b). By considering the sequential γ→ε→α’ transformation, that is, 111 ∥
0001 ∥ 011 , the preceding orientation of the ε phase should be S2. However, because
the Schmid factor for S2 formation was zero, it is considered that the α’ martensite phases

Quantum Beam Sci. 2021, 5, 6

11 of 12

Although these variants shared the close-packed (011) plane, they belonged to different Bain
groups. In addition, the shared (011) plane was perpendicular to the tensile axis (Figure 10b).
By considering the sequential γ→ε→α’ transformation, that is, (111)γ k (0001)ε k (011)α ,
the preceding orientation of the ε phase should be S2. However, because the Schmid factor
for S2 formation was zero, it is considered that the α’ martensite phases were formed via
the γ→α’ route.
In addition, the α’ martensite orientations were relatively different from the 30RC
and Q2 orientations (Figure 10). By rotating the pole figures 15–20◦ clockwise along the
ND, their orientations were consistent with the main component of the textures. Consequently, the matrix orientation was brass, {011} <211>. This indicates that the observed
RBs, {011} <111>, in Figure 7c can be considered as the survived orientation, rather than
the matrix orientation.
Nevertheless, the γ→ε→α’ route was not necessarily denied. The M-oriented ε martensite transformed into α’ martensite with a 30RC component (Table 2, No. 3). This could
be the reason for the domination of the texture by the 30RC. In addition, the acceleration
in the increase of the volume fraction of the α’ phase at a true strain of approximately
0.24 (Figure 2) could be attributed to the onset of the γ→α’ and γ→ε→α’ transformations.
As described in Part I, the dislocation structure in the matrix also starts changing at a true
strain of 0.24, indicating a change in the plastic deformation mechanism.
Table 2. Orientations after the ε→α transformation from (ϕ1, Φ, ϕ2 )ε = (32.5◦ , 42.5◦ , 5.0◦ ).
No.
1
2
3
4
5
6

Directional
Correspondence *




2110ε k 111α
2110ε k 111α
1210ε k 111α
1210ε k 111α
1120ε k 111α
1120 ε k 111 α

ϕ1

Φ

ϕ2

72.0◦
107.9◦
208.2◦
326.9◦
352.7◦
39.7◦

73.7◦
33.9◦
2.5◦
46.9◦
73.5◦
87.1◦

37.4◦
67.6◦
4.1◦
29.5
52.3◦
6.9◦

* The plane correspondence listed here is (0001)ε k (011)α .

5. Conclusions
Herein, the DIMT of SUS 304 stainless steel was investigated based on the texture
development. The overall textures of the γ austenite, ε martensite, and α’ martensite
were determined by using the in situ neutron diffraction technique. Combined with the
microtextures measured by EBSD, the mechanisms of the DIMT of the steel sample were
discussed based on the neutron diffraction results. The results revealed that the main
components of the texture of the ε martensite corresponded to those of γ austenite. The
variant selection was qualitatively explained by the Schmid factors on {111} 211 slip
systems. In addition, the volume fraction of the α’ martensite phase observed by EBSD
was higher than that observed by neutron diffraction. This suggests that ε→α’ DIMT
easily occurred. At a true strain of 0.42, a packet structure consisting of two variants of α’
martensite was observed. However, their expected original orientation did not correspond
to either the main components in the γ or ε phases. This suggests that the γ→α’ type DIMT
consumed the lost component in the γ matrix, such as the brass component, {011} <211>.
The results of this study indicate that the γ→ε→α’ DIMT was first activated, and then the
γ→α’ DIMT was activated after a certain increment in strain.
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