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ABSTRACT: Phase transformation is an effective means to
increase the ductility of a material. However, even for a commonly
observed face-centered-cubic to hexagonal-close-packed ( fcc-to-
hcp) phase transformation, the underlying mechanisms are far from
being settled. In fact, different transformation pathways have been
proposed, especially with regard to nucleation of the hcp phase at
the nanoscale. In CrCoNi, a so-called medium-entropy alloy, an fcc-
to-hcp phase transformation has long been anticipated. Here, we
report an in situ loading study with neutron diffraction, which
revealed a bulk fcc-to-hcp phase transformation in CrCoNi at 15 K
under tensile loading. By correlating deformation characteristics of
the fcc phase with the development of the hcp phase, it is shown
that the nucleation of the hcp phase was triggered by intrinsic
stacking faults. The confirmation of a bulk phase transformation
adds to the myriads of deformation mechanisms available in CrCoNi, which together underpin the unusually large ductility at low
temperatures.

KEYWORDS: medium entropy alloy, deformation-induced phase transformation, in situ neutron diffraction measurement,
ultralow temperature deformation

High entropy alloys (HEAs), which contain five or more
elements in equimolar or near equimolar ratios, are an

intriguing class of materials. Remarkably, both the strength and
the ductility of HEAs increase when the test temperature is
lowered.1−4 Previous studies have established that the
increased ductility in CrMnFeCoNi was due to additional
deformation mechanisms that become active at low temper-
atures. Stacking faults (SFs) and nanotwins have been
identified by transmission electron microscopy (TEM) at 77
K.3 When the temperature is lowered to 4−20 K, evidence of
serration was also reported.5−7 In situ neutron diffraction
measurements further uncovered the interaction of a rich
variety of deformation mechanisms in CrMnFeCoNi during
deformation at 15 K, which began with dislocation slip,
followed by SFs and twins, and subsequently inhomogeneous
deformation by serrations.7,8

Phase transformation is another effective mechanism to
increase the ductility.9−11 Transformation-induced plasticity
(TRIP) in steel is a good example.12 The strength and ductility
of Fe50Mn30Co10Cr10, a dual-phase HEA, were found to
increase dramatically, compared to those of single-phase
HEAs, due to the interface hardening and TRIP effect.9 On
the other hand, there are also cases where the phase

transformation is detrimental. In high-nitrogen 18Cr-10Mn
austenitic steel, for example, the stress-induced martensitic
transformation decreased the low-temperature toughness and
thus increased the ductile-to-brittle transition temperature.13

While CrMnFeCoNi HEA has a face-centered-cubic ( fcc)
structure at room temperature (RT), first-principle calculations
have long predicted that the fcc phase is metastable; at low
temperatures, the hexagonal-close-packed (hcp) phase be-
comes competitive.14,15 Indeed, an fcc-to-hcp transformation
has been observed under high pressure.16 On the other hand, a
thermally induced fcc-to-hcp transformation has not been
reported.
When compared to CrMnFeCoNi HEA, the fcc-to-hcp

transformation is more likely to occur in CrCoNi, commonly
referred to as a medium entropy alloy (MEA). This is because,
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according to first-principle calculations,17 the hcp phase is more
favored due to the high concentration of Co. Indeed, for
CrCoNi, the experimental stacking fault energy (SFE) is low at
RT, 22 ± 4 mJ m−2,18 which can be compared to the value of
30 ± 5 mJ m−2 for CrMnFeCoNi at RT.19 By comparing the
calculation results for CrCoNi and CrMnFeCoNi, Niu et al.
further pointed out that the differences in magnetic
interactions could also help stabilize the hcp phase in
CrCoNi.20

Several studies have been undertaken to investigate the
phase transformation in CrCoNi at low temperatures.20,21

Evidence of hcp stacking was reported by TEM in a sample
tested at 77 K, but the thickness of the detected hcp phase was
only several atomic layers. Recently, an in situ TEM study was
carried out in CrCoNi at 93 K.22 While an abundance of
nanotwins and glide of partials were observed by in situ TEM,
no evidence of hcp phase was reported. That being the case,
the fcc-to-hcp transformation has not been established in a bulk
sample.
From a broader perspective, the underlying mechanisms for

fcc-to-hcp have been a subject of debate.23−25 Several different
transformation pathways have been proposed with regard to
the nucleation of the hcp phase. For example, an intermediate,
orthorhombic phase was reported during the fcc-to-hcp phase
transformation in the Ar nanocluster.26 Another intermediate,
close-packed phase was also revealed in high-pressure experi-
ments on Xe.27 On the other hand, molecular dynamics

simulations on Ar suggest that the transition process is assisted
by stacking disorder without an intermediate structure.25

Indeed, transformation by an accumulation of stacking
disorder has been reported in a high-pressure induced phase
transformation in Xe.28 More recently, it was found that, under
shock compression, SF formation promotes the fcc-to-bcc
(body-centered-cubic) phase transformation in Ag.29 Note that
all these prior studies were carried out under compression by
high pressure or shock wave, while there is no report of a
structural study of the phase transformation under tensile
loading.
In this paper, we carried out an in situ neutron diffraction

study to investigate the phase transformation and deformation
mechanisms of a single-phase CrCoNi alloy under tensile
loading. The experiments were conducted at RT and 15 K.
The fcc-to-hcp phase transformation was observed in a bulk
sample at 15 K, starting at 14−20% deformation. The fcc-to-
hcp transformation as well as microstructural responses of the
fcc phase were quantified, and the nanoscale mechanism for the
phase transformation was revealed.
The stress−strain curves of the CrCoNi alloy deformed at

15 K and RT are shown in Figure 1a. The yield strength (σY)
and ultimate tensile strength (σT) of CrCoNi deformed at RT
were 445 and 1267 MPa, respectively. When the temperature
decreased to 15 K, σY and σT showed a substantial increase, to
670 and 2292 MPa, respectively. Meanwhile, the tensile
ductility increased from 55% at RT to 60% at 15 K. In

Figure 1. Mechanical behavior and crystal structure evolution of CrCoNi medium entropy alloy. True stress−strain curves of CrCoNi deformed at
RT and 15 K (a), and the corresponding work hardening rate (WHR) curves as a function of stress (b). Selected diffraction patterns on cooling
from RT and during deformation at 15 K(c). At 15 K, hcp peaks appeared after a strain of 14%. The enlarged figure highlights the development of
the hcp (101) peak and the asymmetric broadening of the fcc phase. The shadow areas demonstrate the anisotropic broadening of fcc (111) and
(200) peaks due to deformation by stacking faults.
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addition, at 15 K, serrations occurred when the sample was
deformed to a plastic strain around 11%. Low-temperature
serrated deformation, which has also been observed in
CrMnFeCoNi at low temperatures, is related to the pinning
of deformation defects (e.g., dislocations, SFs, twins).30

The work hardening rate (WHR), which is the derivative of
stress vs strain, dσ/dε, is shown in Figure 1b as a function of
the applied stress. The area below the straight line indicates the
region where necking is predicted to occur according to
Considere’s criterion: dσ/dε < σ. At 15 K, the WHR is
consistently higher than that at RT, and its intersection with
the necking line (dσ/dε = σ) occurred at 57% strain, higher
than the 50% strain at RT.
Figure 1c shows selected neutron diffraction patterns of the

CrCoNi alloy during cooling from RT to 15 K and at different
stages of deformation. At RT, the CrCoNi alloy has a single-
phase fcc structure. In the text below, unless otherwise noted,
the Miller index (hkl) refers to diffraction peaks of the fcc
phase. No new peaks were found on cooling from RT to 15 K.
However, when tensile stress was applied at 15 K, new peaks

emerged, starting at 980 MPa or 14% strain. Indexing of the
new peaks confirms that the new phase is of an hcp structure.
The enlarged figure shows a section of the diffraction pattern
illustrating the development of the hcp (101).
The evolution of lattice strains, εhkl, during deformation at

RT and 15 K is shown in Figure 2a,b. The index (hkl) denotes
grains whose (hkl) planes are parallel to the loading direction
(LD). Data points of (220) were omitted at large strains in
Figure 2b because the peak became too weak for accurate
determination of the position. The evolution of the lattice
strain in the elastic regime is described in the SI. After entering
the plastic regime, ε200 and ε400 began to separate. A split can
also be observed in ε111 and ε222 at both temperatures.
Together, these changes signify the formation of SFs,31 which
will be quantitatively analyzed further below. Meanwhile,
diffraction peaks of the fcc phase show asymmetric broadening.
Ungaŕ et al.32 demonstrated that introducing intrinsic stacking
faults (ISFs) and extrinsic stacking faults (ESFs) in an fcc
material will cause asymmetric broadening for different peaks.
In CrCoNi, long tails were seen to develop for (111) toward

Figure 2. Lattice strain and texture development during deformation. Evolution of lattice strains at RT (a) and 15 K (b). Integrated intensities of
fcc peaks during deformation at RT (c) and 15 K (d). The upper panel is for the loading direction (LD), while the bottom one is for the transverse
direction (TD).
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smaller d-spacing and for (200) toward larger d-spacing (the
shadow areas in Figure 1c). This kind of asymmetric peak
broadening shows that the SFs formed in CrCoNi during
tensile loading were mainly of the ISF type.32

The evolution of diffraction peak intensities provides
insights into the texture development during deformation.
Normalized integrated intensities for different (hkl) peaks at
RT and 15 K are shown in Figure 2c,d, respectively, as a
function of the macroscopic strain. Significant texture develop-
ment can be seen at RT. For example, the intensity of the
(111) peak increased steadily as a function of deformation,
reaching a factor of 4 at the point of fracture. Meanwhile, the
intensity of (311) remained stable, while that of (220)
decreased. These intensity changes are a result of grain rotation
toward LD. Corresponding intensity changes are seen in the
transverse direction (TD). For example, the intensity of (111)
decreased while that of (220) increased with increasing applied
load. As a whole, the evolution of the peak intensity is
characteristic of the ⟨100⟩−⟨111⟩ wire texture caused by
dislocation slip during tensile deformation in fcc alloys.7,33−35

Notable texture development was also observed at 15 K, but
with reduced magnitudes. For example, the intensity of (111)
in LD also increased upon loading, but saturated at around a
factor of 2 at about 30% strain. This intensity evolution
indicates that the deformation started by dislocation slip, but it
was taken over by other deformation mechanisms at 30% strain
and beyond. In TD, the corresponding intensity changes are
qualitatively similar to those at RT, except for the (220) peak.
The intensity of the (220) peak shows a slight increase at first,
like at RT, which was due to dislocation slip. However, at 30%
strain, the (220) intensity took an unexpected downturn. As
will be discussed in detail below, the decline of (220) in TD is
a direct result of the fcc-to-hcp transformation.
The stacking fault probability (SFP), a measure of

deformation faulting, describes the probability of finding a
deformation fault between any two layers in the fcc stacking
sequence.31 Following Warren,31 the SFP for randomly
distributed SFs can be calculated from the difference between
ε111 and ε222, see Methods in the SI. The results of the SFP are
shown in Figure 3b. For both RT and 15 K experiments, before
35% strain, the SFP values nearly overlap with each other. At
higher strain values, the SFP at RT continued the same trend
until fracture. However, at 15 K, the SFP took an upturn and
increased rapidly until saturation at ∼50% strain.
The volume fraction of the hcp phase was quantified by

Rietveld refinement of the diffraction data in TD, which shows
less texture development. The maximum intensity change in
TD was less than ±75%, compared to 400% in LD. The hcp
volume fraction obtained from refinement is shown in Figure
3a. The hcp phase first appeared at around 14−20% strain.
Above 35% strain, the volume fraction started to grow and
reached ∼4% at the end of deformation. Below 35% strain, a
reliable refinement could not be obtained because the volume
fraction of the hcp was too small (<1%).
According to the Shoji−Nishiyama orientation relation-

ship,36 the growth of the hcp phase during an fcc-to-hcp phase
transformation should be accompanied by a corresponding
decrease of the fcc (220) peak intensity. In Figure 3a, the
intensity of the fcc (220) peak in TD was superimposed with
the volume fraction of the hcp phase. Note that the scale of the
fcc (220) peak was reversed, in order to facilitate the
comparison. Indeed, an excellent correspondence can be
seen. As noted earlier, the initial increase of fcc (220) intensity

[appearing as a decrease in Figure 3a] was due to dislocation
slip. Above 14−20% strain, the fcc (220) intensity reached a
plateau. From thereon, the decline of the fcc (220) intensity
[appeared as an increase in Figure 3a] agrees well with the
development of the hcp phase.
In Figure 3, the evolution of SFP of the fcc phase and the

development of the hcp phase are compared. An excellent
correlation is seen, i.e., a steady growth of the hcp phase is
accompanied by a sharp rise of SFs. As the asymmetry of the
fcc peaks was characteristic of the ISFs, the excellent
correlation between the SFP and the hcp volume fraction
indicates that the formation of the hcp phase at the nanoscale
was directly related to ISFs.
In situ neutron diffraction measurements showed that, for

CrCoNi alloy, the fcc phase is stable at RT; no phase
transformation was detected until fracture. However, upon
cooling to 15 K, an fcc-to-hcp phase transformation was
observed, starting at 14−20% strain under tension. This
observation confirms that, for CrCoNi alloy, the hcp phase is
the ground state, as suggested by first-principle calcula-
tions,17,20 and the fcc-to-hcp phase transformation occurred
throughout the bulk sample. While short-range chemical order
can strongly influence the SFE and tend to stabilize the fcc
phase,37 the experimental data confirm that overall the hcp
phase is energetically favored. Nevertheless, the maximum
volume fraction of 4% indicates that transformation is very
limited. It also suggests that the energy difference between the
fcc and the hcp is small, and the fcc phase remains competitive,
even at 15 K.

Figure 3. Evolution of the hcp volume fraction and stacking fault
probability (SFP) of the fcc phase. In the upper panel (a), the hcp
volume fraction (right-hand axis) was superimposed with the intensity
of the fcc (220) peak in the transverse direction at 15 K. To facilitate
the comparison, the scale of the (220) intensity was reversed. In the
bottom panel (b), the SFPs at RT and 15 K are compared. For clarity,
only error bars for selected data points are plotted. Three regions of
distinct structural evolution are identified.

Nano Letters pubs.acs.org/NanoLett Letter

https://dx.doi.org/10.1021/acs.nanolett.0c04244
Nano Lett. 2021, 21, 1419−1426

1422

http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.0c04244/suppl_file/nl0c04244_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04244?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04244?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04244?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.0c04244?fig=fig3&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://dx.doi.org/10.1021/acs.nanolett.0c04244?ref=pdf


Figure 3, which correlates the deformation in the fcc phase
and the development of the hcp phase, shed light on the
nanoscale mechanism of the fcc-to-hcp phase transformation.
As shown in Figure 3, the deformation in CrCoNi can be
divided into three regions. In Region I (0−14% strain), plastic
deformation started with dislocation slip, followed almost
immediately by SFs. In Region II (14−35% strain), plastic
deformation by dislocation became difficult as evidenced by
the saturation of the fcc (220) intensity, but the SFP continued
to increase. This was where the hcp phase nucleated. In Region
III, after 35% deformation, the hcp phase grew steadily and the
growth was accompanied by a rapid increase of SFP. In
addition, no intermediate phase was observed, as Figure 1c
shows. Together, these experimental observations demonstrate
that, under tensile loading, the nucleation of the hcp phase in
CrCoNi alloy was via accumulation of SFs. By contrast, at RT,
the SFP increased linearly until fracture, without a sharp rise,
and no phase transformation occurred.
The phase transformation and microstructure evolution at

RT and 15 K was further characterized by TEM, to
corroborate the findings by neutron diffraction. The results
are shown in Figure S1 in the SI. At RT, no hcp phase was
formed during deformation, and the deformation is dominated
by dislocation and twinning. At 15 K, only dislocations and SFs
were observed before fracture; after fracture (60% strain),
deformation twins and the hcp phase can also be readily
identified. A detailed description is provided in the SI.
To understand the relationship between fcc SFs and the hcp

stacking structures, it is helpful to consider how they form
during deformation. In fcc alloys, in addition to full
dislocations, deformation can proceed by Shockley partials,
which produce SFs, nanotwins, or hcp stacking. Figure 4a,b
shows the pathways of how SFs, nanotwins, and the hcp phase
are formed by the glide of ⟨ ̅⟩1121

6
-type Shockley partial

dislocations. As a reference, the original stacking sequence for
fcc is labeled CABCABCABC (from bottom to top). Once a
Shockley partial is activated on a (111) plane (e.g., the A plane

in Figure 4a), all layers above that plane will move by a vector
of ⟨ ̅⟩1121

6
. This process creates an ISF, leading to a stacking

sequence of CABCACABCA. An ISF can also be considered as
if removing one layer (i.e., layer B) of atoms. On the basis of an
ISF, gliding of a second Shockley partial on the neighboring
plane (the C plane in Figure 4a) introduces an ESF, with a
stacking sequence of CABCACBCAB. The stacking sequence
of ESF is equivalent to inserting one layer (i.e., layer C) into
the original sequence. Gliding a Shockley partial on the third
neighboring planes (i.e., layer B in Figure 4a) forms a three-
layer nanotwin, with a stacking sequence of CABCACBABC.
Once different kinds of SFs are defined, it can be shown that

the hcp stacking is related to the ISFs. After introducing an ISF,
activating a second Shockley partial gliding on the second
neighboring plane (i.e., layer A in Figure 4b) will form the hcp
stacking, i.e., CABCACACAB. The direct link between ISF and
hcp stacking demonstrates how ISFs can trigger the nucleation
of the hcp phase at the nanoscale. Continuing introducing
partial dislocations on every other plane thickens the hcp
layers, thereby growing the hcp phase. The experimental data
in Figure 3 supports this picture, which shows that the
accumulation of SFs prepared the hcp phase, and the hcp
growth was accompanied by a rapid increase of SFs. In
previous studies of dual-phase HEAs, the transformation
mechanisms of forward ( fcc-to-hcp) and reverse (hcp-to-fcc)
transformations were investigated by atomic simulation and in
situ TEM.38,39 The simulation was conducted for a hypo-
thetical dual-phase CoCrFeMnNi alloy, while the experiment
study was done with dual-phase Fe50Mn30Co10Cr10. In both
cases, the forward transformation was considered to take place
by dissociation of full dislocation into Shockley partials and
partial dislocations gliding on every second slip plane. This is
similar to the pathway shown in Figure 4b.
The experimental findings in this study shed light on the

long-standing debate of the underlying mechanisms regarding
the fcc-to-hcp phase transformation at the nanoscale. Different
transformation pathways have been proposed, such as via

Figure 4. Schematic illustrating the formation of stacking faults, nanotwins, and the hcp phase. (a) The intrinsic stacking fault (ISF), extrinsic

stacking fault (ESF), and nanotwin are formed from the fcc structure by introducing Shockley partials with ⃗ = ⟨ ̅⟩b 1121
6

on neighboring (111)

planes. (b) hcp stacking is obtained by gliding the Shockley partials on every other plane, or by two consecutive ISFs.
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intermediate phase or stacking disorder.25,26,28 Our measure-
ments, which were made in situ under loading, showed clearly
that the development of the hcp phase was driven by SFs.
There is no evidence of an intermediate phase. The
accumulation of SFs triggered the nucleation and later also
facilitated the growth of the hcp phase. It should be qualified
that our experiment was done under uniaxial tensile loading. It
remains to be seen whether the transformation mechanism
changes under different loading conditions, e.g., by compres-
sion.
The in situ neutron diffraction data also reveal that while

their loading curves look similar, the deformation behaviors in
CrCoNi and CrMnFeCoNi are very different microscopically.
In CrCoNi, SFs have always been a competitive mechanism,
even at RT, as SFs start to increase almost immediately after
plastic deformation. Dislocation slip plays an important role at
RT, but at 15 K, the role of dislocation slip is substantially
reduced, as evidenced by the rather weak texture development.
This is to be contrasted with the quinary CrMnFeCoNi alloy,
where the texture development associated with dislocation
activities exhibit similar trends at RT and at 15 K. In particular,
at 15 K, the texture in the CrMnFeCoNi alloy continues to
develop nearly to the point of fracture.7 In CrCoNi, the fcc-to-
hcp phase transformation adds to the cocktail of deformation
mechanisms available to this class of multicomponent alloys.
At 15 K, the dislocation activities saturated at 30% strain while
SFs and the phase transformation took off and served as the
primary deformation mechanisms. The presence of multiple
deformation mechanisms, i.e., the dislocation slip, SFs, and the
fcc-to-hcp phase transformation, is the main reason for the
increased WHR in CrCoNi alloy. As deformation proceeds,
defect structures created by dislocations, SFs, and hcp phase
regions multiply and entangle. At high densities, they block
each other’s propagation or growth during deformation, thus
creating an ideal situation for work hardening. In fact, a
comparison of the WHR curves at RT and 15 K shows that the
extra WHR at 15 K began at ∼1 GPa or 15% strain, exactly
when the hcp phase began to nucleate. An illustration is
provided in the SI on the interaction between dislocations, SFs,
and the hcp phase (Figure S2).
Phase stability is a key issue for HEAs. It is also a major

factor leading to the unusally large duclity found at low
temperarures.2,7 The local chemical order is expected to have a
strong influence on the phase stability. J. Ding et al. applied
first-prinple calculations to CrCoNi alloy and demonstrated
that the local chemical order tends to stabilize the fcc phase as
the SFE increases with an increasing degree of the local
chemical order.37 Separately, Q. Ding et al. explored the effect
of nanoscale chemical order, chemical segregation.40 Depend-
ing on the local chemistry, either the fcc or the hcp phase could
be stabilized. In addition to the chemical order, the vibrational
entropy can also influence the phase stability. This was
discussed extensively in the paper by Zhao et al. with first-
principles calculations.17 With increasing temperature, an hcp-
to-fcc transition is demonstrated for alloys with negative SFEs,
which can be attributed to the role of intrinsic vibrational
entropy. Given these complexities, further investigations would
be necessary to ascertain the roles and interactions of different
contributions.
In summary, a bulk fcc-to-hcp phase transformation in

CrCoNi medium entropy alloy was observed by in situ neutron
diffraction measurements at 15 K. Quantitative analyses of the
in situ data uncovered the underlying mechanism of the fcc-to-

hcp phase transformation, i.e., through the formation and
accumulation of ISFs. There is no evidence of the involvement
of an intermediate phase. The ability to conduct in situ neutron
diffraction measurements at low temperatures also provided a
powerful means to elucidate the interactions between different
deformation mechanisms and their contributions to the
unusually large ductility. In this regard, the present study not
only advances our understanding of the fcc-to-hcp phase
transformation and its effect on ductility, but also facilitates the
development of materials with high strength and ductility for
structural applications.
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