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ABSTRACT

We investigated the in situ deformation behavior of the CrCoNi medium-entropy alloy at a cryogenic temperature of 140K and compared it
with deformation at room temperature. The sample exhibited higher strength and larger ductility at the cryogenic temperature. The CrCoNi
alloy remained single-phase face-centered cubic at room temperature, while deformation at 140K resulted in a martensitic transformation to
the hexagonal close-packed structure. The phase transformation, an additional deformation mechanism to stacking faults, twinning, and dis-
location slip, resulted in a higher work hardening at cryogenic temperature. The study addresses the structure metastability in the CrCoNi
alloy, which led to the formation of epsilon-martensite from the intrinsic stacking faults.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0067268

Multicomponent high- and medium-entropy alloys (HEAs/
MEAs) possess a unique microstructure that results in excellent
mechanical properties.1–4 The research interest in HEAs intensified
since 2014 when it was discovered that HEAs could not only improve
their strength but also show a significant increase in ductility below
room temperature (RT).5 The enhancement in ductility has been
attributed to the activation of twinning or the formation of stacking
faults (SFs).5–7 There have been many publications on the cryogenic
deformation behavior of HEAs/MEAs. Almost all the studies linked
superior mechanical properties of HEAs/MEAs with the activation
and interaction of multiple deformation mechanisms.4–11 The most
widely studied HEA is the prototypic CrMnFeCoNi (Cantor alloy),
which remains single-phase face-centered cubic (f.c.c.) even when
deformed at the lowest temperature.7,12 It is the ternary CrCoNi alloy,
a derivative of the Cantor alloy, that exhibits the best mechanical prop-
erties both at RT and at cryogenic temperatures.8,9 The main reason is
the lower stacking fault energy (SFE) of the CrCoNi alloy, resulting in
the early activation of SFs and twinning during deformation.7–9,11 In
addition to SFs and twinning, phase transformation is another

probable mechanism for alloys with low SFE. The SFE of a given alloy
decreases with the decreasing temperature, making the f.c.c. structure
unstable.13,14 The metastability of the f.c.c. structure results in SFs,
twinning, and transformation to the hexagonal close-packed (h.c.p.)
structure.14

The metastability of the f.c.c. phase thus plays a critical role for
the increase in ductility at low temperatures. All the experimental
studies of the Cantor alloy have consensus about the lack of any phase
transformation during tensile loading to the lowest temperature.7,12,15

For the CrCoNi MEA, an f.c.c.-to-h.c.p. phase transformation was
observed at 15K.16 On the other hand, there are several studies at
liquid-nitrogen temperature (LNT, 77K) with conflicting reports
about the transformation to the h.c.p. phase. Gludovatz et al.8 reported
the first deformation study of CrCoNi at 77K and did not observe any
phase transformation. Laplanche et al.9 also did not report any h.c.p.
phase formation. Niu et al.17 observed the formation of the h.c.p.
structure in CrCoNi at 77K by conducting the postmortem transmis-
sion electron microscope (TEM) analysis. In a recent article, Ding
et al.11 reported a synergy of deformation mechanisms at 93K by in
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FIG. 1. (a) Stress–strain curves of CrCoNi MEA, showing an increase in yield strength from 531 to 736 MPa, ultimate tensile strength from 1443 to 1921MPa, and ductility
from 47.1 to 49.7% at 140 K compared to RT. Insets are the SEM images of fractured samples after tensile loading, showing lesser necking at 140 K. (b) Work hardening rate
curves at RT and 140 K.

FIG. 2. Diffraction patterns showing the structure evolution of CrCoNi MEA, for different strain levels, at (a) RT and (b) 140 K. The insets are the zoomed-in of the dashed yel-
low region, plotted in the log-scale. (c,d) CMWP-fitted patterns on neutron diffraction data at RT and 140 K with a true strain of 33.6%. The inset in (d) shows the first two f.c.c.
(c) reflections and the hump from the h.c.p. (e) phase at 140 K.
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situ TEM, but no phase transformation was observed. Except for one
experiment11 that used in situ straining in a TEM, all the other
CrCoNi studies at LNT used TEM for the post-deformation structure
characterization. Given these conflicting reports, it remains uncertain
if CrCoNi undergoes phase transformation near LNT. All the previous
investigations at LNT used TEM, and most of them involved the char-
acterization of microstructure after tensile loading. TEM analysis
entails scanning a micrometer-sized region, and if the transformation
is not prevalent, it can be missed, as evidenced by several studies.8,9,11

On the other hand, neutron diffraction involves obtaining information
from the whole sample thanks to the high penetrability of neutrons.
At the same time, in situ studies ensure that the changes captured dur-
ing the process are real and not from the artifacts.

To address the question of phase transformation near LNT, we
used neutron diffraction to perform in situ deformation of CrCoNi
MEA at 140K. It was revealed that CrCoNi undergoes f.c.c. to h.c.p.
martensitic phase transformation during continuous tensile loading at
140K. The formation of the h.c.p. phase was also confirmed by TEM
images of the fractured sample. The deformation process also involved
SFs and twinning, which were activated prior to the martensitic trans-
formation. The study shows that the f.c.c. phase is metastable in
CrCoNi MEA, resulting in the formation of planar faults and ulti-
mately transformation to the h.c.p. phase. The process of the forma-
tion of h.c.p. from intrinsic stacking faults is described as well.

Samples of an equiatomic CrCoNi alloy, with equiaxed grains
of �5 lm, were prepared by the method described elsewhere.7 The
in situ deformation experiments were carried out at the TAKUMI
Engineering Materials Diffractometer, Japan Proton Accelerator
Research Complex. Tensile tests were conducted using a 100K
cooling system for loading experiments.18 A thermocouple and a
strain gauge were attached to the sample for temperature monitor-
ing and strain recording, respectively. The sample chamber was
evacuated to 10�3Pa before cooling was commenced. The sample
was cooled by flowing liquid nitrogen through the jackets of the
sample jigs. Tensile tests were conducted with step-loading in the
elastic region and continuous loading in the plastic region (at a
strain rate of 2.67� 10�5 s�1. The neutron diffraction data were
recorded continuously during the whole process, for both the load-
ing direction and the transverse direction. For dislocation density
measurements, additional samples were strained, in steps, to 0, 5,
10, 20, 30, 40, and 55% elongation—corresponding to a true strain
of 0, 4.9, 9.5, 18.2, 26.2, 33.6, and 43.8%—then unloaded to
�10MPa and recorded a neutron diffraction pattern for 30min
after each step.

The neutron diffraction data were refined by fitting the individual
(hkl) peaks with Z-Rietveld software.19 The lattice strain for individual
orientations (ehkl) was calculated from the interplanar spacing of the
specific orientations during deformation (dhkl) and before deformation

FIG. 3. Orientation-dependent evolution of lattice strain (upper panels) and texture (lower panels), along the loading direction, at (a) RT and (b) 140 K. ry is the macroscopic
yield stress, obtained from the stress–strain curves.
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(d
�

hkl), i.e., ehkl ¼
ðdhkl�d

�
hklÞ

d�hkl
. Warren developed a method to determine

stacking fault probability (SFP) from the relative peak shift.20 The
peak displacement in 2-theta from Warren can be converted to lattice
strain for SFP calculations. We used lattice strain of (111) and (222)
reflections, which splits due to SFs. The difference in the lattice strain
of successive order reflections gives rise to SFP as SFP ¼ 32p

3
ffiffi

3
p

ðe222 � e111Þ, and this method has been used in our previous stud-
ies.7,15,16 The dislocation density was obtained by the Convolutional
Multiple Whole Profile (CMWP) fitting.15,21

Figure 1(a) shows stress–strain curves for the CrCoNi alloy at RT
and 140K under tensile loading. The yield strength, the ultimate ten-
sile strength, and the ductility, all increased for the sample deformed at
140K. The sample at 140K also displays less necking region than the
sample at RT; see insets of Fig. 1(a). The work hardening rate plots at
both temperatures are shown in Fig. 1(b). After the initial sudden drop
in the work hardening rate due to the dynamic recovery, the trend at
RT continues to decline with the applied stress. On the other hand, the
work hardening rate for 140K is relatively stable after the initial sud-
den drop.

Figure 2 presents diffraction patterns for CrCoNi at RT and
140K along the loading direction at different stages of deformation.
The log-scale plots of neutron diffraction patterns are presented as Fig.
S1 in the supplementary material. The detailed evolution of (111) and
(200) reflections during deformation is shown as insets of Figs. 2(a)
and 2(b) for both temperatures. There is no asymmetry of (111) and
(200) reflections before deformation (0% strain), both at RT and
140K, except the characteristic asymmetry arising from the time-of-
flight neutron sources.22 However, a significant asymmetrical broaden-
ing of (111) toward lower d-spacing can be seen with deformation.
The effect is opposite for the (200) reflection, i.e., asymmetrical broad-
ening toward the higher d-spacing. It should be noted that the diffrac-
tion patterns in Fig. 2 are plotted as 1/d. The asymmetry at 140K is
enormous, even at 17.8% strain, while at 45.6% strain, a clear bump
between (111) and (200) can be seen due to the formation of the h.c.p.
phase by the displacive martensitic transformation. CMWP-fitted neu-
tron diffraction patterns at 33.6% strain are also shown in Figs. 2(c)
and 2(d). The structure is fully f.c.c. at RT [Fig. 2(c)]. On the other
hand, at 140K, a clear peak for the h.c.p. phase is present, which the
CMWP did not fit [Fig. 2(d)].

The evolution of lattice strain and integrated intensity at RT and
140K is shown in Fig. 3. The general trend of the lattice strain is the
same at both temperatures, i.e., (200) being the most compliant orien-
tation, and develops the most significant lattice strain, while (220) is
the stiffest orientation. The (220) orientation became extremely weak
with deformation (Fig. 2), making the accurate peak position determi-
nation difficult at the end. The (111) is the second stiffest orientation,
while the (311) is intermediate and responded linearly to the stress
until fracture (upper panels of Fig. 3). The evolution of lattice strain in
this manner is typical for f.c.c. metals and alloys where deformation is
governed by dislocation slip.23–25 However, the lattice strain values are
quite large compared to f.c.c. metals (Al, Cu, Ni, etc.) and even rela-
tively larger than f.c.c. alloys (e.g., austenitic stainless steels).23–25 The
second-order orientations of (111) and (200) follow the same trend
initially. At higher stress, however, (222) and (400) begin to deviate
from the trend of (111) and (200). The difference in the lattice strain
between the first-order and the second-order orientations grows at

both temperatures with deformation. This difference in the lattice
strain development is caused by stacking faults (SFs), and it can be
used to calculate the stacking fault probability.20 It is important to
note that the splitting starts early at 140K, and the final difference is
larger compared with the same deformation level at RT.

The evolution of texture, in terms of the normalized integrated
intensity, also agrees with the general development of texture for f.c.c.
systems. For f.c.c. metals and alloys, with deformation, gains with the
(111) orientation move toward the loading axis, while grains with the
(220) orientation rotate away, and the (311) orientation grains remain
unaffected. This texture development is caused by dislocation slip.23–25

Similarly, at RT, the (111) intensity increased continuously with defor-
mation, while the (220) was depleted by the end. The (311) intensity
remained nearly constant. On the other hand, the development is slow
at 140K, and it becomes even slower with deformation, finally plateau-
ing. The slower evolution of texture, i.e., hardening of grain orienta-
tions, is an indication of the contribution from different deformation
mechanisms, in addition to the dislocation slip.

The stacking fault probability (SFP) was calculated using
Warren’s method,7,20 and the dislocation density was obtained by the
CMWP-fitting method.15,21 Figure 4 depicts the evolution of SFP and
dislocation density. The dislocation density developed similarly at RT

FIG. 4. Evolution of (a) dislocation density and (b) stacking fault probability at RT
and 140 K.
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and 140K during an initial deformation strain of �10%, as shown in
Fig. 4(a). Beyond 10% strain, the 140K sample achieved a higher dislo-
cation density than the RT sample. At 140K, a very high dislocation
density of�8.6� 1015 m�2 was achieved by the end, whereas the sam-
ple at RT had a dislocation density of �5.9� 1015 m�2. Similarly, in
Fig. 4(b), SFP started increasing earlier and reached a higher value at
140K. This demonstrates that SFs played a role in CrCoNi at both RT
and 140K, but to a greater extent at 140K. SFs serve as embryos for
the h.c.p. phase, and a higher SFP indicates a greater likelihood of f.c.c.
to h.c.p. phase transformation.26–28 The activation of SFs at an early
deformation stage and the formation of e-martensitic clearly demon-
strate a decrease in SFE with decreasing temperature. TEM images of
the fractured samples in Fig. 5 confirmed the formation of SFs, twin-
ning, and e-martensite at 140K. The selected area diffraction (SAD)
pattern of the RT sample in Fig. 5(a) shows only twinning, without
any trace of the h.c.p. phase. On the other hand, the SAD pattern in

Fig. 5(b) for the sample deformed at 140K shows h.c.p. diffraction
spots as well. The high-resolution (HR)-TEM images of the 140K
sample in Figs. 5(c) and 5(d) confirm the presence of the h.c.p. phase
along with twins and SFs. The texture hardening in Fig. 3(b) also indi-
cates the prominent role of SFs, twinning, a higher dislocation density,
and martensitic transformation at the last stage.

The SFE of CrCoNi MEA has been reported to be lower than the
CrMnFeCoNi HEA. The SFE of CrCoNi MEA at RT is 226 4 mJ/m2,
while CrMnFeCoNi HEA has an SFE of 306 5 mJ/m2.9,29 CrCoNi
can easily form SFs and twins at RT due to its lower SFE, whereas the
CrMnFeCoNi alloy at RT is primarily deformed by dislocation slip.9,30

The deformation of both alloys at cryogenic temperature is dominated
by partial dislocations and twinning.5,6,8,9,11 However, the activation of
twinning takes place earlier in the CrCoNi MEA than the
CrMnFeCoNi HEA at cryogenic temperature.9 The f.c.c.-to-h.c.p.
phase transformation was not reported in the majority of CrCoNi

FIG. 5. TEM images of fractured samples. (a) SAD pattern for the RT sample displaying the f.c.c. matrix and the twin. (b) SAD pattern at 140 K with indexed diffraction spots
for f.c.c. matrix, its twin, and the h.c.p. phase. (c) HR-TEM image at 140 K showing SFs, twinning, and h.c.p. layers, in the f.c.c. matrix. (d) HR-TEM image showing alternating
regions of f.c.c. and h.c.p. phases in the sample deformed at 140 K.
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studies conducted at cryogenic temperatures (77 and 93K).8,9,11 The
lack of phase transformation was attributed to local chemical ordering,
which can cause fluctuations in SFE.31,32 Niu et al.17 observed the for-
mation of the h.c.p. phase in CrCoNi at 77K using atomic-resolution
scanning transmission electron microscopy and found localized h.c.p.
laths with limited volume fraction in predominantly f.c.c. structure.
The in situ neutron diffraction study at 15K revealed bulk phase trans-
formation, but only a 4% volume fraction of the h.c.p. phase was
formed.16 Consistently, in the current study, the volume fraction of
the h.c.p. phase remains very small at 140K.

SFs affect diffraction line profiles, thus leaving their signatures in
the diffraction peaks, as seen in the form of asymmetry in Fig. 2.
Ungar et al.33 and Rafaja et al.34 have demonstrated the effect of these
faults. During deformation, SFs cause asymmetrical broadening of
peak profiles. Specifically, the asymmetrical broadening of (111)
toward the lower d-spacing is because of intrinsic stacking faults—
from perfect f.c.c. stacking sequence ABCABCABC to ABCABjABC,
where j represents a missing plane in the f.c.c. stacking.33,34 Irregular
(or random) SFs cause asymmetrical broadening due to an asymmetri-
cal distribution of interplanar spacing in the vicinity of the uncompen-
sated SF.34 When SFs arrange next to each other on every two lattice
planes (i.e., ABCABjABj), the result is an h.c.p. structure. In other
words, the h.c.p. phase is formed by the regular overlapping of
SFs.26–28 The isolated “AB” sequence in the f.c.c. stacking is an intrin-
sic SF; however, they are h.c.p. when they become ordered, i.e., when
two or more intrinsic SFs overlap. The formation of an h.c.p. layer
from SFs can be easily visualized from the HR-TEM image in Fig. 5(c),
which shows isolated SFs as well as layers of the h.c.p. phase in an f.c.c.
matrix. Dislocation slip, SFs, and twinning were active during the
deformation of CrCoNi at RT. The deformation at 140K, on the other
hand, involved an additional deformation mechanism of martensitic
transformation. It is worth mentioning that the asymmetrical broad-
ening for CrMnFeCoNi and CrFeCoNi HEAs at low temperatures has
been observed as well; however, no h.c.p. formation was detected even
at ultralow temperatures.7,35

In conclusion, the in situ neutron diffraction results showed a
systematic evolution of the structure during the deformation of
CrCoNi MEA at 140K, which ultimately led to martensitic transfor-
mation. It also revealed how intrinsic SFs caused asymmetry of peak
profiles and finally transformed to the h.c.p. structure. The presence of
SFs, twinning, and the h.c.p. phase boundaries provided obstacles to
the dislocation glide, resulting in strengthening the alloy.
Simultaneous operation of multiple deformation mechanisms is the
reason behind higher work hardening and better mechanical proper-
ties at cryogenic temperature. This study shows that the structure
metastability of an alloy can be exploited to activate specific deforma-
tion mechanism(s) intentionally and achieve better mechanical
properties.

See the supplementary material for the log-scale plots of neutron
diffraction patterns showing the structure evolution of CrCoNi MEA
with deformation strain at RT and 140K.
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