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A B S T R A C T

Ferrite-austenite duplex stainless steels exhibit excellent strength and ductility, making them attractive for ap
plications in extreme environments. In this study, in situ neutron diffraction measurements were conducted 
during tensile testing at 293 K and 200 K to investigate stress partitioning and phase-specific deformation 
behavior at low temperatures. Phase stress was derived using a texture-compensated method to accurately 
evaluate stress partitioning and each phase’s contribution to the overall strength. Regardless of temperature, 
ferrite exhibited higher phase stress than austenite, acting as the harder phase. At 200 K, both ferrite and 
austenite showed increased strength and work hardening, with austenite exhibiting significant stacking fault 
development in addition to dislocation migration. The plastic deformation mode of ferrite at 200 K was similar to 
that at 293 K, governed by dislocation migration, but it became more effective. The stress contributions of ferrite 
and austenite during plastic deformation were comparable at both temperatures. No martensitic transformation 
was observed in the tested temperature range. The combination of strengthening and enhanced work hardening 
in both phases contributed to the high strength of duplex stainless steel at 200 K while maintaining ductility 
comparable to that at 293 K.

1. Introduction

Dual-phase steels and alloys, which consist of two phases with 
different crystal structures and mechanical properties, combine the 
characteristics of both phases and exhibit superior properties that are 
difficult to achieve in single-phase materials [1–3]. Among these, duplex 
stainless steel (DSS) [4], composed of ferrite (α) with a body-centered 
cubic (BCC) structure and austenite (γ) with a face-centered cubic 
(FCC) structure, is one of the most representative dual-phase alloys. It 
exhibits high strength, superior ductility, and excellent corrosion resis
tance. Stress partitioning between the phases with different strength and 
deformability is considered a key factor in achieving the outstanding 
mechanical properties of DSS [5,6]. To clarify stress partitioning 
behavior in DSS, various methods have been employed, including 
nanoindentation [7,8], digital image correlation [9], and in situ 

diffraction techniques using synchrotron X-rays [10–12] and neutron 
beams [13–16]. In particular, in situ neutron and X-ray diffraction ana
lyses provide critical insights not only into stress partitioning but also 
into phase-specific deformation behavior, phase fraction evolution, 
texture development, and dislocation dynamics. Consequently, these 
measurements have been widely applied not only to DSSs but also to 
various steels with complex microstructures [17–19]. Tsuchida et al. 
[10] conducted in situ neutron diffraction measurements during defor
mation on two types of DSS with different mechanical properties to 
evaluate stress partitioning between α and γ phases (phase stresses) and 
among grains (intergranular stresses). They found that intergranular 
stress partitioning in the γ phase was greater than that in the α phase and 
highlighted that phase stress partitioning, the work hardening of γ, and 
the phase fraction of γ are key factors influencing the work hardening 
behavior of DSS. Matsushita et al. [16] performed in situ neutron 
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diffraction measurements during tensile deformation to examine the 
mechanical properties of DSS. Their results indicated that, while the γ 
phase was responsible for the onset of yielding, the α phase significantly 
contributed to tensile strength. Additionally, they observed that the 
contribution of γ to uniform elongation was significant and that a higher 
volume fraction of γ correlated with increased total elongation. How
ever, in most studies on the deformation behavior of DSS using in situ 
neutron diffraction during tensile testing, the analysis has been limited 
to lattice strains and phase-averaged strains. Accurate phase stresses and 
the stress contributions of individual constituent phases to the strength 
have not been thoroughly evaluated. This limitation is likely due to the 
significant intergranular stress partitioning in DSS and its strong rolling 
texture, which complicates analysis. By accurately analyzing phase 
stress while accounting for texture effects, a more in-depth under
standing of the deformation behavior of dual-phase alloys can be 
achieved.

Furthermore, the deformation behavior of dual-phase alloys is 
significantly influenced by the mechanical response of each constituent 
phase. The dependence of strength and ductility on test temperature and 
strain rate varies with crystal structure. In a low-temperature range 
below room temperature, the yield stress and tensile strength of the BCC 
phase increase as temperature decreases [20–22], whereas the yield 
stress of the FCC phase remains nearly constant, with only a slight in
crease in tensile strength [23–26]. Consequently, in dual-phase alloys 
consisting of BCC and FCC phases, the relative strength difference be
tween the constituent phases increases at lower temperatures, resulting 
in changes in stress partitioning behavior. In the Cu-40 mass% Fe alloy, a 
representative dual-phase alloy previously studied by our group [27], 
the strength of the FCC phase remained nearly unchanged at 150 K 
compared to 293 K, whereas the strength of the BCC phase increased 
significantly. As a result, the strength difference between the constituent 
phases became more pronounced at low temperatures. This suggests that 
test temperature has a significant effect on stress partitioning behavior. 
Several studies have investigated the deformation behavior of DSSs at 
low temperatures [28–31]. Tsuchida et al. [29] conducted tensile tests 
on DSSs containing metastable γ in a temperature range of 123 K–373 K 
and evaluated their stress-strain response. They found that, in addition 
to the general trend of increasing strength with decreasing temperature, 
the highest total elongation was achieved at 258 K due to 
deformation-induced martensitic transformation (DIMT) of γ. However, 
it has also been reported that DIMT does not always improve ductility, 
especially at cryogenic temperatures. In metastable austenitic stainless 
steels, rapid martensitic transformation occurring at small strains can 
lead to early strain localization, resulting in a reduction in total elon
gation [32,33]. These findings suggest that the kinetics of DIMT plays a 
vital role in determining mechanical properties, and its influence may 
vary depending on the temperature and phase stability. Koga et al. [30] 
performed tensile tests on a DSS containing a relatively stable γ in a 
temperature range of 8 K–293 K to examine their tensile deformation 
behavior. Their results indicated that strength increased as the tem
perature decreased, but the total elongation slightly decreased at 200 K, 
where DIMT did not occur. The total elongation increased again at 77 K 
due to DIMT. These findings suggest that even in the absence of DIMT, 
DSS exhibits higher strength at low temperatures compared to room 
temperature, while maintaining total elongation equivalent to that at 
room temperature. Based on studies of Cu-Fe alloys [27], this behavior is 
predicted to result from changes in stress partitioning and the defor
mation behavior of each constituent phase. However, very few studies 
have evaluated the stress partitioning behavior in DSS at the low tem
perature range, and the mechanisms underlying changes in the relative 
strength difference between the constituent phases, as well as how DSS 
achieves high strength and ductility without DIMT at low temperatures, 
remain unclear.

Given these gaps, an accurate evaluation of phase stresses in DSSs 
and a comprehensive investigation of the mechanisms governing 
strength and ductility at low temperatures are fundamental for 

understanding the complex deformation behavior of dual phase alloys. 
In recent years, Harjo et al. [34] proposed a method for deriving phase 
stress by accounting for the effect of texture evolution during tensile 
deformation of magnesium alloy (AZ31) in in situ neutron diffraction 
measurements. Mao et al. [35,36] later applied this method to analyze 
phase stresses in steels. This approach is expected to provide more 
reliable phase stress estimations.

The objective of this study is to quantify the phase-specific stress and 
deformation behaviors of duplex stainless steel at 293 K and 200 K using 
in situ neutron diffraction analysis with texture compensation. In addi
tion, the mechanisms contributing to strength and ductility at low 
temperatures are discussed. While several studies have investigated 
phase stress partitioning in duplex stainless steels at room temperature, 
experimental data under low temperature conditions remain scarce. 
This study provides new insight into the phase-specific deformation 
mechanisms at 200 K, which is below room temperature, through 
texture-compensated in situ neutron diffraction analysis—highlighting 
the respective contributions of ferrite and austenite to the enhanced 
mechanical performance in a low-temperature environment.

2. Experimental procedures

2.1. Material

The DSS (JIS SUS329J4L, Fe-25Cr-7Ni-3Mo-0.5Si-0.7Mn-0.11N 
(mass%)) from the same lot used in the previous study [30] was 
employed. The heat treatment history of this sample is as follows: a 
commercially available sheet specimen was cold-rolled to achieve a 40 
% reduction in thickness, reaching a final thickness of 2.5 mm. 
Following cold rolling, the material was annealed at 1473 K for 10 min 
and subsequently air-cooled. It was then held at 1273 K for 30 s to 
coarsen the grains. The resulting microstructure consisted of two phases, 
α and γ, with an average grain size of approximately 10 μm for both 
phases. The grains exhibited a slightly elongated shape in the rolling 
direction (RD). The phase fractions of α and γ, determined via electron 
backscattered diffraction (EBSD), were nearly equal. A plate-type spec
imen, shaped as shown in Fig. 1a, was cut from the sheet material, 
aligning the tensile loading direction (LD) parallel to the RD. The 
specimen surface was mechanically polished to a grit size of #2400 and 
subsequently finished by buffing.

2.2. Neutron diffraction

In situ neutron diffraction measurements during tensile testing were 
performed at 293 K and 200 K using TAKUMI [37], a time-of-flight 
diffractometer dedicated to the investigation of engineering materials 
at the MLF of J-PARC. A schematic of the experimental setup is shown in 
Fig. 1b. During the experiments, the tensile LD was oriented horizontally 
at 45◦ relative to the incident neutron beam. Neutron diffraction data for 
the scattering vector parallel to the LD were collected at the axial de
tector, while data for the scattering vector perpendicular to the LD 
(normal direction, ND) were collected at the transverse detector. An 
incident beam slit of 5 mm (width) × 5 mm (height) was used, and a pair 
of radial collimators with a viewing width of 5 mm was employed. The 
neutron diffraction measurements were conducted at a neutron beam 
power of 300 kW. Fig. 1c presents a photograph of the cooling system 
equipment [38] used in this study, as shown in the figure. Temperature 
control was achieved by attaching a thermocouple to the specimen 
gripping section and continuously monitoring the temperature. The 
tensile test in the elastic region was conducted under stepwise increasing 
load control with a 300 s holding time, during which neutron diffraction 
data were collected. In the plastic region, the test was performed under 
constant crosshead speed control with an initial strain rate of 1.3 × 10− 5 

s− 1, and neutron diffraction data was extracted at 600 s intervals. The 
measurements continued until the specimen reached ultimate tensile 
strength. Macroscopic strain was measured using an extensometer at 
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293 K and a strain gauge at 200 K, as shown in Fig. 1c.

2.3. Data analysis

The lattice spacings of several hkl planes in the LD and ND were 
obtained using a single-peak fitting method implemented in the Z- 
Rietveld software [39]. The hkl lattice strains in the LD (εhkl

i , i = α and γ) 
were estimated using the following equation: 

εhkl
i =

dhkl
i − dhkl

i,0

dhkl
i,0

(1) 

where, dhkl
i is the lattice spacing of the [hkl]//LD grains in the i phase 

during deformation, and dhkl
i,0 is the reference lattice spacing of the 

[hkl]//LD grains prior to deformation. To minimize the effect of texture 
evolution during deformation, phase stress (σi, i = α and γ) was derived 
using the method proposed by Mao et al. [35,36]: 

σi =
∑m

0
fhkl
i Ehkl

i εhkl
i (2) 

fhkl
i =

Ihkl
i
/
Rhkl

i
∑m

0 Ihkl
i
/
Rhkl

i
(3) 

where, fhkl
i represents the phase fraction of [hkl]//LD grain in the i 

phase, Ehkl
i is the elastic constant of [hkl]//LD grain in the i phase, Ihkl

i is 
the measured integrated intensities of hkl//LD diffraction peaks for the i 
phase, and Rhkl

i is the theoretical integrated intensities of hkl//LD 
diffraction peaks of the i phase for a completely random texture. The σα 
was evaluated using the 110-α, 200-α, 211-α, and 310-α reflection peaks, 
while σγ was evaluated using the 111-γ, 200-γ, 220-γ, and 311-γ 
reflection peaks. The same software was used to analyze the full width at 
half maximum (FWHM) and peak integrated intensities of several hkl 
peaks during tensile deformation. The FWHM values were normalized 
by their peak position, while the peak integrated intensities were 
normalized by their initial value (prior to deformation) at each test 
temperature. The phase fractions before and after deformation were 
estimated using the Rietveld refinement method available in the same 

software.

3. Results

3.1. Initial diffraction pattern and tensile properties

Fig. 2a and b shows the diffraction patterns obtained before tensile 
testing at 293 K and 200 K, respectively. In both specimens, the 110- 
α//LD, 111-γ//LD, and 200-γ//LD diffraction peaks, which are parallel 
to the RD were relatively strong, indicating a pronounced rolling 
texture. The phase fractions of α and γ, obtained from the diffraction 
patterns, were 53.8 ± 0.5 % and 46.2 ± 0.5 % at 293 K, respectively, 
and 53.9 ± 0.6 % and 46.1 ± 0.6 % at 200 K. No phase transformation 
occurred upon cooling to 200 K due to the high stability of γ in DSS.

Fig. 3a and b shows diffraction patterns for the conditions near the 
tensile strength at 293 K and 200 K, respectively. The diffraction peaks 
broadened compared to those before tensile testing. At both tempera
tures, the area of 110-α//LD, 111-γ//LD, and 200-γ//LD reflections 
became larger due to tensile deformation. The phase fractions of α and γ 
obtained from diffraction patterns were 54.0 ± 0.8 % and 46.0 ± 0.8 % 
at 293 K, respectively, and 54.9 ± 1.0 % and 45.1 ± 1.0 % at 200 K. At 
293 K, there was almost no change in the phase fractions before and 
after the tensile test. At 200 K, the γ phase fraction slightly decreased by 
approximately 1.0 %. However, this change falls within the experi
mental error margin associated with the phase fraction analysis. 
Therefore, it can be explicitly stated that the observed change is not 
statistically significant, and DIMT did not occur. This observation is 
further supported by the estimated Md30 temperature—the temperature 
at which 50 % of the austenite phase transforms to martensite under 30 
% plastic deformation. The Md30 value reflects the stability of the γ 
phase against DIMT. Based on the chemical composition of the investi
gated material, the Md30 temperature was calculated to be approxi
mately 162 K using the empirical formula proposed by Nohara et al. 
[40], which was originally developed for metastable austenitic stainless 
steels. Since this value is lower than the test temperature of 200 K, it 
suggests that the γ phase was sufficiently stable to suppress martensitic 
transformation under the present deformation conditions. Conse
quently, in this study, the phase fraction was considered constant during 

Fig. 1. (a) Geometry of the tensile test specimen used in this study and (b) schematic of experimental setup, and (c) photograph of cooling system equipment of the 
TAKUMI instrument.
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deformation, with its value set based on the phase fraction before 
deformation.

Fig. 4a presents the nominal stress-nominal strain curves at 293 K 
and 200 K. Representative mechanical properties, including the 0.2 % 
proof stress, tensile strength, and uniform elongation, are summarized in 
Table 1. At 293 K, the DSS exhibited a uniform elongation of approxi
mately 20 % and a tensile strength of approximately 620 MPa. At 200 K, 
both the yield stress and tensile strength increased compared to 293 K, 
while uniform elongation slightly decreased. Fig. 4b shows the work 
hardening rate and true stress as a function of true strain. At 293 K, the 
work hardening rate decreased as deformation progressed, with the rate 
of decrease slowing at around 12 % strain. At 200 K, the work hardening 
rate was slightly higher than that at 293 K throughout the initial plastic 
deformation up to approximately 9.7 % strain.

3.2. Lattice strain and phase stress partitioning behavior

Fig. 5a and b shows the changes in εhkl
γ //LD at 293 K and 200 K, 

plotted against applied true stress. The σmacro
E and σmacro

0.2 indicate the 
macroscopic elastic limit and 0.2 % proof stress, respectively. The var
iations in εhkl

γ reflect elastic anisotropy. At both temperatures, differ
ences in the increasing slope of εhkl

γ were observed, indicating the onset 
of a change in the deformation mode. The increase in ε111

γ began to slow 

Fig. 2. Diffraction patterns before tensile test for the LD and ND at (a) 293 K and (b) 200 K.

Fig. 3. Diffraction patterns at tensile strength for the LD and ND at (a) 293 K and (b) 200 K.

Fig. 4. (a) Nominal stress vs. nominal strain curves and (b) true stress and work hardening rate vs. true strain curves. The σmacro
E and σmacro

0.2 in (a) represent the 
macroscopic elastic limit and 0.2 % proof stress values.

Table 1 
Representative mechanical properties of duplex stainless steel at 293 K and 200 
K.

Temperature 0.2 % proof stress Tensile strength Uniform elongation

293 K 429 MPa 625 MPa 21.4 %
200 K 629 MPa 882 MPa 20.2 %
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before reaching σmacro
E , followed by other εhkl

γ , which also gradually 
slowed beyond σmacro

E . This indicates that the γ phase preferentially 
yielded to initiate plastic deformation. Subsequently, the increase in εhkl

γ 

re-accelerated at a stress slightly above σmacro
0.2 . These trends were 

consistent regardless of test temperature. Among the [hkl] family grains, 
ε200

α exhibited the largest change during deformation, while ε111
γ and ε220

γ 

showed the smallest. ε311
γ displayed intermediate changes between these 

values. This suggests that intergranular stress partitioning occurs among 
the [hkl] family grains in the γ phase, likely due to differences in the 
diffraction elastic constant, the Schmid factor and the plastic deform
ability. At both temperatures, ε311

γ exhibited lattice strain changes close 
to the average, which is consistent with empirical findings that ε311

γ 

typically represents the average lattice strain behavior of the FCC phase 
[41]. This may indicate that σγ value can be reasonably estimated using 
ε311

γ . Notably, at 200 K, the responses of ε111
γ and ε222

γ after the onset of 
plastic deformation exhibited a split, with ε222

γ being larger than ε111
γ . 

Since [111]-γ and [222]-γ grains are principally have the same orien
tation, their lattice strain values would typically change in a similar 
manner, as observed at 293 K. This deviation is attributed to the 
development of stacking faults, a phenomenon also reported in FCC 
alloys with low stacking fault energy [42–44]. The development 
behavior of stacking faults in γ is discussed in detail in section 4.1.

Fig. 5c and d shows the changes in εhkl
α //LD at 293 K and 200 K, 

plotted against applied true stress. The σmacro
E and σmacro

0.2 represent the 
macroscopic elastic limit and 0.2 % proof stress values obtained from the 
stress-strain curves. The variations in the εhkl

α below σmacro
0.2 reflect mainly 

elastic anisotropy at each temperature. At 293 K, the increase in εhkl
α 

behavior became noticeable once the σmacro
E was exceeded, in response to 

the slower increase in εhkl
γ caused by preferential plastic deformation in 

the γ phase. The increase in ε110
α (and ε220

α ) began to slow by reaching 

σmacro
0.2 , followed by other εhkl

α , which also gradually slowed at a stress 
level slightly above σmacro

0.2 . This indicates that the α phase yielded at this 
stress level initiating plastic deformation. In response, the increase in εhkl

γ 

re-accelerated (Fig. 5a). Among the [hkl] family grains, ε200
α exhibited 

the largest value during deformation, while ε110
α showed the smallest. 

The ε211
α and ε310

α exhibited intermediate changes between these values. 
A similar trend was observed at 200 K, with εhkl

α values higher than those 
at 293 K. These results suggest that, as in γ, intergranular stress parti
tioning occurred also in α. Empirically, ε211

α is known to represent 
average lattice strain changes in the BCC phase [45]. However, in this 
study, ε211

α values beyond σmacro
0.2 were slightly lower than expected at 

both temperatures, suggesting that the phase stress calculations relying 
solely on 211-α//LD diffraction peak may underestimate the actual 
values.

Fig. 6a presents the change in the σα and σγ at 293 K and 200 K with 
respect to the applied true stress. At 293 K, phase stress partitioning 
between α and γ occurred once the σmacro,293 K

E was exceeded, which was 
caused by the yielding of γ. Between σmacro,293 K

E and σmacro,293 K
0.2 , the in

crease in σγ slowed, due to the plastic deformation in γ. When macro
scopic yielding occurred (at σmacro,293 K

0.2 ), the increase in σα also became 
more gradual, indicating that the α phase had also undergone plastic 
deformation. After that, as deformation progressed, phase stress parti
tioning between α and γ gradually decreased. A similar trend was 
observed also at 200 K, where phase stress partitioning between α and γ 
for σmacro,200 K

0.2 was larger than that observed at 293 K for σmacro,293 K
0.2 . 

Regardless of test temperature, the γ phase began to exhibit plastic 
deformation near σmacro

E , with the stress at which plastic deformation 
began increasing slightly at 200 K. In contrast, the stress at which the α 
initiated plastic deformation (σmacro

0.2 ) was approximately 200 MPa higher 
at 200 K than at 293 K, suggesting that the yield strength of α was more 
strongly influenced by temperature than that of γ. Fig. 6b presents the 

Fig. 5. Changes in the lattice strains as a function of applied true stress. Changes are shown for several hkl peaks of γ at (a) 293 K and (b) 200 K, while of α at (c) 293 
K and (d) 200 K.
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change in σα and σγ at 293 K and 200 K as a function of applied true 
strain. At both temperatures, σα was higher than σγ. As the temperature 
decreased, both σα and σγ increased compared to 293 K. In γ, the increase 
in σγ with respect to the true strain became more pronounced at 200 K, 
suggesting an enhancement in its work hardening. Similarly, in α, the 
increase in σα with respect to true strain was greater at 200 K than at 
293 K, indicating an increase in its work hardening as well. Although the 
increase in yield stress and tensile strength was larger in α than in γ, the 
enhancement in work hardening was more pronounced in γ.

3.3. Contribution of constituent phases to the strength

The stress contributions of constituent phases to strength (σcont
α and 

σcont
γ ) were evaluated by weighting the phase stresses, calculated using 

Eq. (2), by the phase fractions. Fig. 7a and b shows the σcont
α and σcont

γ at 
293 K and 200 K as a function of applied true strain. The black solid line 
represents the true stress-true strain curve obtained from tensile testing, 
while the bar length in the figure indicates the stress contribution of 
each phase. At both temperatures, the sum of σcont

α and σcont
γ was 

approximately equal to the applied true stress. This indicates that stress 
equilibrium was satisfied, where the applied true stress equaled the sum 
of σcont

α and σcont
γ . These results suggest that the phase stresses were 

accurately estimated at both temperatures. However, at 293 K, a slight 
deviation was observed between the sum of σcont

α and σcont
γ and the 

applied true stress in the later stages of deformation (>15 % strain). The 
cause of this discrepancy remains unclear and is a subject for future 
investigation.

Fig. 6. Changes in phase stresses of α and γ at 293 K and 200 K as a function of (a) applied true stress and (b) applied true strain. Solid black lines in (b) indicate the 
true stress-true strain curves at both temperatures.

Fig. 7. Fraction-weighted phase stresses and stress contributions. The sum of stresses contributed by α and γ during tensile testing at (a) 293 K and (b) 200 K. (c) 
Stress contribution to the strength of α and γ. (d) close-up view of the range up to 1 % strain in (c). The stress contributions were obtained by normalizing the 
contributed stresses with the applied true stresses.
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Fig. 7c illustrates the percentage contributions of α and γ to strength 
as a function of true strain, while Fig. 7d provides a close-up view of the 
range up to 1 % strain. At both temperatures, α contributed more to the 
strength than γ. The increase in σcont

α accompanied by the decrease in 
σcont

γ can be attributed to the preferential plastic deformation occurring 
in the γ phase at the beginning of tensile loading. Within the range up to 
0.2 % strain, the sum of stress contributions from α and γ exceeded 100 
% at 293 K, resulting in an overestimation of the fraction-weighted 
phase stress. However, while the data show a difference in stress 
contribution between 293 K and 200 K in the range up to macroscopic 
yielding, this is likely an artifact of the analysis caused by the transition 
from elastic to plastic deformation, which affects the accuracy of stress 
partitioning evaluation in the early stage of deformation. At strains of 
0.5 % or more, the stress contribution of α was higher and that of γ was 
lower at 293 K than at 200 K. However, as the deformation progressed 
and the strain reached approximately 5 % or more, the stress contri
bution of each phase became nearly identical at both temperatures, 
despite the greater increase in work hardening at 200 K compared to 
293 K. In our previous in situ neutron diffraction study on Cu-Fe alloys 
during low-temperature tensile deformation [27], work hardening 
slightly increased in the FCC phase, whereas that in the BCC phase 
remained nearly unchanged. However, the strength of the BCC phase 
increased significantly. In the DSS used in this study, the strength and 
work hardening of both α and γ increased at 200 K. As a result, the 
proportion of stress contribution from both phases remained similar 
regardless of temperature.

These findings indicate that the α phase was the larger contributor to 
the strength of DSS in this study. The increase in strength at 200 K can be 
attributed to the strengthening and enhanced work hardening of both 
phases. Additionally, it is noteworthy that the stress contribution of α 
and γ in the later stage of deformation were nearly identical, irrespective 
of the test temperature.

4. Discussion

4.1. Deformation mechanism of austenite

Fig. 6b shows that the increase in strength (work hardening) of γ 
during deformation was more pronounced at 200 K. This increase in 
strength at lower temperatures is possibly due to dislocation migration 
becoming more active as the deformation temperature decreases. 
Additionally, factors influencing the increase in work hardening of γ 
were assessed.

One potential factor contributing to work hardening is the devel
opment of stacking faults. It has been reported that CrMnFeCoNi, an 
FCC-based high-entropy alloy with low stacking fault energy, exhibits a 
significant increase in work hardening at cryogenic temperatures [42,
43]. This phenomenon has been attributed to the substantial formation 
of stacking faults during deformation. The split between ε111

γ and ε222
γ at 

200 K, observed in Fig. 5d, is attributed to the development of stacking 
faults. In DSS, the stacking fault energy of the γ phase is known to be 
very low, approximately 10 mJ/m2 [46]. Therefore, in the γ phase of the 
DSS used in this study, it is possible that the decrease in temperature 
promoted the formation of stacking faults, leading to an increase in work 
hardening.

To further evaluate stacking fault formation in this study, the 
stacking fault probability (SFP) in FCC was estimated using the 
following equation, provided by Warren [47], based on changes in ε111

γ 

and ε222
γ . 

SFP=
32π
3

̅̅̅
3

√
(

ε222
γ − ε111

γ

)
(4) 

The SFP value calculated from Eq. (4) represents the number of 
stacking faults per 1000 atoms.

Fig. 8 illustrates the changes in SFP at 293 K and 200 K as a function 

of applied true stress. At 293 K, the development of stacking faults was 
minimal, contributing only slightly to work hardening. In contrast, at 
200 K, SFP continued to increase with increasing applied true stress after 
macroscopic yielding. Near the tensile strength, the amount of stacking 
faults was approximately three times higher than at 293 K. These results 
suggest that the development of stacking faults significantly contributed 
to the increase in work hardening of γ at 200 K, as shown in Fig. 6b.

The formation of stacking faults is a precursor to major deformation 
mechanisms such as deformation twinning and phase transformation. 
Therefore, it is possible that DIMT and deformation twinning also 
contribute to the increase in the work hardening of γ. Meanwhile, the 
change in the γ phase fraction during plastic deformation at 200 K was 
minimal in this study, suggesting that phase transformation did not 
occur in the uniform deformation region. Thus, the contribution of DIMT 
can be considered negligible. A qualitative evolution of deformation 
twinning can be conducted by examining changes in the relative inte
grated intensities of 111-γ and 200-γ (I111

γ and I200
γ ). In FCC alloys under 

uniaxial tension, the peak integrated intensities of 111-γ//LD and 200- 
γ//LD typically increase monotonically with applied stress or strain. A 
previous study [48] has shown that when deformation twins actively 
form, the proportion of [111]-γ//LD and [200]-γ//LD grains decreases 
and increases, respectively. Consequently, the slope of I111

γ decreases, 
while the slope of I200

γ increases. If twinning deformation were promoted 
at low temperatures, deviations in the trend of increasing relative in
tegrated intensities during deformation should be observed. Fig. 9a 
presents the change in the I111

γ and I200
γ at 293 K and 200 K as a function 

of applied true stress. At 293 K, both intensities increased linearly with 
increasing applied true stress. At 200 K, a similar linear increase was 
observed, with no significant deviation from the trend at 293 K. In 
high-entropy alloys [39,41], the increase in the relative integrated in
tensity of 111-γ has been reported to nearly plateau at high applied 
stress above 2000 MPa, where stacking faults and twins become prom
inent during deformation at 15 K. Likewise, in twinning induced plas
ticity (TWIP) steel [49], where twinning is known to be active, the rate 
of increase in the relative integrated intensities of 111-γ and 200-γ slows 
down at low temperatures. In contrast, our results showed no marked 
difference in the increasing trends of I111

γ and I200
γ between 293 K and 

200 K. These observations suggest that twinning deformation had little 
influence on the enhancement of work hardening of γ.

Fig. 8. Changes in stacking fault probability (SFP) of γ at 293 K and 200 K as a 
function of applied true stress.
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From these findings, it is inferred that the increase in work hardening 
of γ at 200 K was primarily due to the development of stacking faults in 
addition to the activity of dislocation migration, while the contribution 
of twinning deformation was minimal.

Fig. 9b shows the normalized FWHM of representative γ peaks as a 
function of applied true stress. The FWHM of γ increased after macro
scopic yielding, with its value significantly higher at 200 K than at 293 
K. In general, the increase in FWHM value by deformation is known to 
correlate with the increase in dislocation density [36,50–52]. A previous 
study reported that in the VCoNi alloy, which consists of a single-phase 
FCC structure, strength and ductility can be enhanced at low tempera
tures even without the formation of stacking faults, due to increased 
dislocation activity [50]. The dislocation density in VCoNi alloy, near its 
tensile strength, increases from approximately 7.5 × 1015 m− 2 to 12.5 ×
1015 m− 2 —a factor of less than 1.7— when the deformation tempera
ture is lowered from 293 K to 15 K (a temperature difference of 278 K). 
Thus, the increase in FWHM of γ at 200 K compared to 293 K in this 
study may be too large to be attributed solely to dislocation migration 
activity. As previously described, the formation of stacking faults 
accompanied the deformation of DSS at 200 K in this study. The pres
ence of stacking faults also influences the FWHM [53,54]. Therefore, the 
large increase in FWHM of γ at 200 K is likely due to the development of 
stacking faults in addition to dislocation accumulation.

The changes in normalized FWHM and relative integrated intensities 
of γ at 200 K suggest that both the dislocation activity and the stacking 
fault development in γ increase at low temperatures. Therefore, in 
addition to the improvement in work hardening due to the enhanced 
dislocation activity, it is considered that the stacking fault development 
also contributes to the increased strength and work hardening of γ at 
200 K.

4.2. Deformation mechanism of ferrite

At 200 K, not only the yield strength but the work hardening of α 
increased also significantly. Fig. 10a shows the normalized FWHM of 
representative α peaks as a function of applied true stress. The FWHM of 
α increased after macroscopic yielding at both temperatures. At 200 K, 
the FWHM values of α near the tensile strength were higher than that at 
293 K. Since the increase in FWHM value by deformation can be 
correlated to the increase in dislocation density, the observed changes in 
FWHM of α after exceeding σmacro

0.2 in this study are considered to be 
associated with the accumulation of dislocations.

In general, the strength of BCC phase increases significantly at low 
temperatures, whereas elongation and work hardening tend to decrease 
[22,55]. A previous study has reported that work hardening is greatly 
enhanced in a BCC-based alloy when martensite with a hexagonal 
close-packed (HCP) structure forms during deformation [56]. However, 
since DIMT did not occur in this study, its effect can be considered 
negligible. Additionally, a previous study has shown that martensitic 
steel exhibits plastic deformation despite a significant increase in 
strength at low temperatures [57]. This suggests that dislocation 
migration in BCC phase occurs sufficiently even at low temperatures. 
Therefore, it is likely that the plastic deformation behavior of α due to 
dislocation glide also occurred at 200 K in this study.

Next, to evaluate changes in the crystal orientation of α, the relative 
integrated intensity of 110-α (I110

α ) was examined. It should be noted that 
[110]-α//LD represents the primary orientation of the tensile texture in 
the BCC phase. If FWHM accurately reflects dislocation density, an in
crease in crystal rotation with dislocation glide should correspond to a 
higher relative integrated intensity at lower temperatures. Fig. 10b 
shows the change in I110

α at 293 K and 200 K as a function of applied true 
stress. At both temperatures, I110

α increased after macroscopic yielding, 

Fig. 9. Changes in (a) the relative integrated intensities of 111-γ and 200-γ and (b) the FWHM of several hkl peaks at 293 K and 200 K.

Fig. 10. Changes in (a) the FWHM of several hkl peaks and (b) the relative integrated intensity of 110-α at 293 K and 200 K as a function of applied true stress.
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indicating the development of a tensile texture. The rate of increase in 
I110
α was slightly higher at 293 K than at 200 K, but near the tensile 

strength, the I110
α was nearly the same at both temperatures. Therefore, it 

is inferred that the amount of dislocation glide remained largely un
changed, suggesting that FWHM roughly reflects dislocation density. 
Screw-type dislocations are mainly found in BCC polycrystalline mate
rials [58,59]. Screw dislocations can move in any direction and there
fore are annihilated relatively easily, even when they are far apart from 
each other [60]. Therefore, Fig. 10a may suggest that lowering the 
deformation temperature reduces the likelihood of dislocation annihi
lation, allowing dislocation accumulation to occur more effectively.

Given these findings, two possible factors may account for the 
improvement in the work hardening of α at 200 K: 

(1) At low temperatures, dislocation accumulation in α was more 
efficient due to the suppression of dislocation recovery.

(2) Dynamic grain refinement in γ, which occurs when stacking faults 
form, leads to hardening. The strengthening of γ limits stress 
redistribution, thereby increasing load on α.

To further elucidate the work hardening mechanism at low tem
peratures, a detailed investigation of the low temperature deformation 
behavior of DSS with different stacking fault energies and grain sizes is 
necessary. This remains an important topic for future research.

5. Conclusions

In this study, in situ neutron diffraction measurements were con
ducted during tensile tests at 293 K and 200 K on DSS. To accurately 
evaluate the phase stresses and the stress contributions of each con
stituent phase to the strength, phase stresses were derived using a 
method that accounted for the effect of texture. Additionally, changes in 
the deformation mechanisms of each phase at 200 K were examined. The 
main findings are summarized as follows: 

(1) At 200 K, the macroscopic yield stress and tensile strength 
increased significantly compared to 293 K, while uniform elon
gation remained nearly unchanged. The work hardening rate at 
200 K was higher than that at 293 K.

(2) At both temperatures, intergranular stress partitioning was 
clearly observed in α once the elastic limit was exceeded, whereas 
in γ, intergranular stress partitioning occurred near the elastic 
limit. Phase stress partitioning occurred upon exceeding the 
elastic limit, regardless of temperature.

(3) By estimating phase stress while considering texture, the stress 
equilibrium was satisfied, where the sum of the phase stresses 
weighted by their phase fractions was equal to the applied true 
stress. This approach allowed for a more reliable evaluation of 
phase stress partitioning behavior and the stress contribution to 
strength.

(4) No martensitic transformation was observed in the tested tem
perature range, indicating that the observed changes in strength 
and deformation behavior were not due to with phase trans
formation but were instead associated with differences in stress 
partitioning and dislocation-based mechanisms.

(5) The stress contribution of α to strength was higher than that of γ 
at both temperatures. The proportion of contribution from each 
constituent phase showed no significant variation with 
temperature.

(6) At 200 K, both the strength and work hardening of α and γ 
increased. The enhancement of work hardening in γ at 200 K was 
attributed to the development of stacking faults, along with 
increased dislocation activity. In contrast, for α, it was suggested 
that the enhancement resulted from more efficient dislocation 
accumulation and the strengthening of the γ phase at lower 

temperature. These findings indicate that the combination of 
strengthening and enhanced work hardening in both phases 
contributed to the high strength of DSS at 200 K while main
taining ductility similar to that at 293 K.
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