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High-entropy alloys (HEAs) are an intriguing new class of metallic
materials due to their unique mechanical behavior. Achieving a
detailed understanding of structure–property relationships in
these materials has been challenged by the compositional disorder
that underlies their unique mechanical behavior. Accordingly, in
this work, we employ first-principles calculations to investigate
the nature of local chemical order and establish its relationship
to the intrinsic and extrinsic stacking fault energy (SFE) in CrCoNi
medium-entropy solid-solution alloys, whose combination of
strength, ductility, and toughness properties approaches the best
on record. We find that the average intrinsic and extrinsic SFE are
both highly tunable, with values ranging from −43 to 30 mJ·m−2

and from −28 to 66 mJ·m−2, respectively, as the degree of local
chemical order increases. The state of local ordering also strongly
correlates with the energy difference between the face-centered
cubic (fcc) and hexagonal close-packed (hcp) phases, which affects
the occurrence of transformation-induced plasticity. This theoreti-
cal study demonstrates that chemical short-range order is thermo-
dynamically favored in HEAs and can be tuned to affect the
mechanical behavior of these alloys. It thus addresses the pressing
need to establish robust processing–structure–property relation-
ships to guide the science-based design of new HEAs with tar-
geted mechanical behavior.
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High-entropy alloys (HEAs), also referred to as multiprincipal
element alloys, have emerged as an exciting new class of

metallic structural materials. These alloys are, in principle,
single-phase crystalline solid solutions comprising multiple ele-
ments, typically in equal molar ratios (1–5). The original ratio-
nale guiding the discovery of HEAs was that the configurational
entropy contribution to the total free energy in multicomponent
concentrated alloys can stabilize the solid-solution state relative
to a multiphase microstructure composed of chemically ordered
intermetallic phases (1, 2). Currently, HEAs are attracting ex-
tensive research interest because some of these systems, in par-
ticular those based on the face-centered cubic (fcc) CrCoNi
system, have been found to display excellent mechanical prop-
erties, including very high fracture toughness and high strength
(6, 7). The five-element (so-called Cantor) HEA, CrMnFeCoNi,
was the first to be shown to exhibit exceptional damage tolerance,
which can be further enhanced at cryogenic temperatures (6). Ad-
ditionally, the equiatomic, three-element (medium-entropy)
CrCoNi alloy has been observed to display even better properties;
at 77 K, this alloy displays tensile strengths of 1.4 GPa, tensile
ductilities of ∼90%, and fracture toughness values of 275 MPa√m,
approaching the best damage tolerance on record (7). A synergy of
deformation mechanisms appears to be the basis of the exceptional
mechanical behavior of these alloys (8–13). For instance, in the
stronger medium-entropy CrCoNi alloy, nanotwinning occurs at
room temperature and leads to the formation of a hierarchical twin
network, where the twin boundaries act as barriers to dislocation
motion, providing for strength, whereas both full and partial dislo-
cations can move rapidly along the boundaries themselves for

ductility (11). Additionally, a lamellar hexagonal close-packed (hcp)
phase has been reported to form in this alloy at higher strain
levels (13).
Such unique mechanical behavior for the CrCoNi and

CrMnFeCoNi alloys appears to be associated with their low
stacking fault energies (SFE) because the SFE is one of the most
significant parameters influencing plastic deformation, dislo-
cation mobility, and deformation twinning as well as occurrence of
phase transformations in conventional crystalline alloys (14–16) (SI
Appendix, SI Text). For the CrCoNi alloy, experimental measure-
ments of the separation of partial dislocations suggested values of
the SFE of 22 ± 4 mJ·m−2 (9); conversely, first-principles density
functional theory (DFT) calculations have yielded negative values
of the SFE for this alloy, e.g., −24 mJ·m−2 (11), −62 mJ·m−2 (17),
or −41 mJ·m−2 (18), which are apparently at odds with the mea-
sured finite dislocation dissociation widths. Given the importance of
the SFE in governing the nanoscale mechanisms active during
plastic deformation, this discrepancy between measurement and
computation clearly warrants further investigation.
The unique properties of HEAs mainly originate from their

multiple components and special chemical structure, compared
with conventional crystalline alloys. In HEAs, the atomic struc-
ture is characterized by an underlying crystal lattice [e.g., fcc, bcc
(body-centered cubic), or hcp] but with atoms of different ele-
ments occupying the sites of the lattice in a nonperiodic manner.
The distribution of heterogeneous local environments in HEAs
should be different from that of metallic glasses (19) and con-
ventional crystalline alloys (SI Appendix, Fig. S1). In the simplest
description, the local chemical environments of HEAs can be
considered as representing a random distribution of different
atomic species over crystal lattice sites, i.e., the maximum con-
figurational entropy state (1). However, as has been discussed in
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the literature (20–23), this description is likely to be over-
simplified because HEAs may display significant local chemical
order, i.e., ordering in the first few neighbor atomic shells to
enhance the number of energetically preferred bond types. This
raises a salient question: To what degree does local chemical
order exist in HEAs, and how could it affect their deformation
mechanisms and mechanical properties? The question is impor-
tant not only for a more complete fundamental understanding of
mechanical behavior but also for practical applications because
the state of local chemical order can be tuned by varying materials
processing and alloy composition. Accordingly, in this work we
perform detailed first-principles calculations to elucidate the rel-
ative energetics of planar faults governing slip in ternary solid-
solution CrCoNi medium-entropy alloys, with a focus on un-
derstanding how chemical short-range order (SRO) in these
multicomponent solid solutions can affect SFE and their role in
governing deformation mechanisms.

Results
Local Chemical Order in CrCoNi Solid-Solution Alloys. For the pur-
pose of examining computationally the effect of local chemical
order on the stacking fault energies of CoCrNi alloys, it is nec-
essary to develop realistic models of chemical SRO in this sys-
tem. Previous experimental studies employing extended X-ray
adsorption fine structure (EXAFS) measurements (21) have
shown that this SRO is characterized by a preference for Cr
atoms to bond with unlike atoms (Co and Ni). Although these
experiments indicate the presence of measurable chemical SRO
in the alloys, they do not provide sufficient information to un-
ambiguously develop atomistic models. In earlier computational
work (20), simulations employing a DFT-based lattice Monte
Carlo (MC) approach established chemical SRO in qualitative
agreement with experimental measurements. We thus employ a
similar approach using larger systems with a larger number of
independent samples to develop models for CoCrNi solid solu-
tions with varying degrees of chemical SRO. Specifically, we have
investigated local chemical order in fcc CrCoNi solid-solution
alloys using DFT-based MC simulations as described in Meth-
ods. In total, 18 independent samples with a random occupation
of the three chemical species over the sites of an fcc structure
have been used as initial conditions for the MC simulations. A

large number of independent samples was used to improve sam-
pling accuracy and to provide a sufficient number of independent
stacking fault planes to achieve converged average values of the
SFE, as described below. For each sample, MC simulations were
run for a total of 3,600–4,500 steps, representing 20–25 swap trials
per atom.
Based on these calculations, the most significant trends in the

potential energy change during the simulation are shown in Fig.
1A, using four representative samples. Although the number of
swap trials per atom is small compared with classical MC simu-
lations, the simulations produce SRO consistent with experiment
and previous simulations, as described below. For the current
study, these simulations provide configurations with varying
states of chemical SRO, to enable a systematic investigation of
the effect of local chemical ordering on the SFE and on the
structural energy differences between the fcc and hcp phases. To
quantitatively monitor the trend of local chemical ordering as well
as its correlation with properties, four groups of configurations,
CH_0, CH_1, CH_2, and CH_F, were selected for detailed in-
vestigation according to the specific energy states (as denoted in Fig.
1A). CH_0 and CH_F are the initial and final configurations from
the simulation, whereas CH_1 and CH_2 are two intermediate
states. Thus, each group contains 18 independent configurations,
which are presented with features of local structural ordering
and used to obtain averaged values in the following analysis.
To describe the trends in local chemical ordering obtained in

the MC simulations, we employ a parameter called the non-
proportional number of local atomic pairs, Δδkij, where i and j are
the type of atom species and k denotes the kth nearest-neighbor
shell (Methods). This parameter, which is related to the con-
ventional Warren–Cowley parameters used in alloy theory (24),
describes the preferred/unfavored pairing around an atomic
species within the first, second, and third nearest-neighbor shells
(see the illustration of atomic configurations in Fig. 1B), whose
coordination numbers are 12, 6, and 24, respectively. Positive
(negative) values of Δδkij correspond to a tendency of unfavored
(favored) i–j pairs. In the case of a random solution, Δδkij = 0.
Fig. 1C plots the development of ΔδkCr−Cr in CrCoNi alloys for

the first three nearest-neighbor shells during the MC simulation
(the number of Cr–Cr pairs is found to deviate most significantly

Fig. 1. Evolvement of energy and local chemical
ordering in CrCoNi alloys. The CrCoNi ternary alloys
(18 independent samples) were studied by DFT-
based MC simulations (Methods). (A) Potential en-
ergy changes with the steps of the MC simulation
with only data for four representative samples, out of
a total of 18, shown. Configurations at the specific
energy states are denoted by four groups as CH_0,
CH_1, CH_2, and CH_F. (B) Schematic illustration of
the first three nearest-neighbor (NN) shells in an fcc
crystal. (C) The nonproportional number of local Cr–Cr
pairs, ΔδkCr−Cr, in the first three NN shells are plotted
versus the steps of MC simulation. (D) Averaged over
18 independent configurations at CH_F, Δδkij for all
pairs are plotted at the first, second, and third
nearest-neighbor shells. The dashed lines represent
the case of a random solid solution.
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from a random solid solution, compared with the other five pair
types). Following the trend in the energy shown in Fig. 1A, the
evolution in the local chemical order is initially rapid but then
becomes more gradual at the later stages of the simulation. As is
commonly observed for chemical short-range ordering in alloys,
contrasting behavior is obtained for nearest-neighbor and further-
neighbor shells; as shown in Fig. 1C, the number of Cr–Cr pairs is
reduced in the first nearest-neighbor shell of Cr atoms, whereas the
second and third nearest-neighbor shells show an enhancement.
For the final state of the MC simulation (CH_F), the local

chemical order, averaged over the 18 independent samples, is
plotted in Fig. 1D, in terms of the values of Δδkij for ij = Cr–Cr, Cr–
Co, Cr–Ni, Co–Co, Co–Ni, and Ni–Ni pairs at the first three
nearest-neighbor shells. The dashed lines represent the case of a
random solid solution. Deviations from random behavior are
clearly evident. As discussed above, the most pronounced local
chemical ordering is around Cr atoms. Specifically, for the nearest-
neighbor shell, Δδ1Cr−Cr is about 1.58, whereas Δδ1Cr−Co ≈−0.98
and Δδ1Cr−Ni ≈−0.61, as seen in Fig. 1D. The general trend re-
lated to chemical order for Cr–Cr pairs is consistent with pre-
vious DFT-MC simulations (20) and also with EXAFS analysis
(21), as described above. The chemical order around Cr atoms
is still significant for the second and third nearest-neighbor
shells but with the opposite trend to that for nearest neigh-
bors (i.e., an enhancement in Cr atoms and depletion in Ni and
Co atoms around a central Cr, as shown in Fig. 1D). Similar trends
are also observed for the chemical ordering around Co and Ni
atoms. We note that our calculation indicates a slight preference for
Ni–Ni pairs in the first nearest-neighbor shell, which is contrary to
the findings in ref. 20, where a slightly smaller simulation cell and
lower degree of Monte Carlo sampling was employed.

Stacking Fault Energy of Random Solid-Solution CrCoNi Alloys. In the
DFT calculations of the SFE for both intrinsic stacking faults
(ISF) and extrinsic stacking faults (ESF) as illustrated in Fig. 2
A–D, we consider slabs containing 360 atoms created by se-
quentially stacking 12 close-packed (111) atomic planes in their
regular ABCABCABCABC configuration. An ISF was created by
shifting the top six layers along the h112i direction by the Burgers
vector of the Shockley partial bs = a

6 h11�2i; this results in a
stacking sequence: ABCABCjBCABCA. Further shifting of the
fault leads to the ESF, as shown in Fig. 2C, resulting in a stacking
sequence of ABCABCjBjABCAB. The value of γisf and γesf was
obtained from the energy difference between the original and
stacking faulted structures, normalized by the corresponding
area. Further details are given in Methods.
For the CrCoNi alloys with random compositional disorder,

108 independent as-assigned supercells were considered in total;
the resulting calculated values of γisf are shown in Fig. 2E, Inset.
The calculated values of γisf display a large range, from −140 to
65 mJ·m−2, with an average value of −42.9 mJ·m−2, as shown in
Fig. 2E. In addition, the average value of γesf is about −27.8 mJ·
m−2, which is also negative but with a smaller magnitude than
γisf . By comparison, additional values of γisf were computed using
replicated configurations from the smaller random solid-solution
models described in the previous section on MC simulations (see
Methods for details of replication). For each replicated sample, all
of the six close-packed atomic planes were considered, and again, 18
independent samples having in total 108 ISF planes were consid-
ered. The corresponding γisf values are plotted in Fig. 2E. These
replicated samples lead to values close to those for the as-assigned
supercells. This result provides validation for our calculation of SFE
using the replicated configurations, which forms the basis for the
studies, described in the next section below, of the effects of
chemical SRO on SFE.
The magnitude of γisf calculated here, −42.9 mJ·m−2, differs

from previously published values of −24 mJ·m−2 (11), −62 mJ·m−2

(17), −41 mJ·m−2 (18), and −48 mJ·m−2 (25) that were also cal-
culated using supercell methods. We view these differences with

our present value as reflecting the need, as illustrated in Fig.
2E, for a large number of samples to achieve well-converged
averaged results (only limited configurations were considered
in refs. 11, 17, and 25). Other DFT calculations, using the co-
herent potential approximation (CPA) or axial interaction
model, yielded SFE values of −26 mJ·m−2 (26) and −25 mJ·m−2

(17), respectively. Despite these quantitative differences, the
finding of negative γisf values for CrCoNi alloys with random
configurational disorder is robust across all previous DFT calcu-
lations. As described above, this finding is at odds with experi-
mental measurements, clearly warranting further examination. In
the next section, the effect of local chemical ordering is consid-
ered, with the main finding that such chemical SRO is capable of
leading to a change in sign of the SFE.

Stacking Fault Energy Strongly Correlates with Local Chemical Order.
Fig. 2, Inset, shows a wide range of calculated γisf values for
random CrCoNi solid solutions, which is in contrast to a single
value for a pure or perfectly ordered crystalline alloy. A similar
broad distribution can also be observed for CrCoNi alloys with
chemical SRO (Fig. 3A). As plotted in Fig. 3A, the statistical
variations of the calculated γisf for four groups of configurations
all follow Gaussian-type distributions. The mean value for
CrCoNi alloys in CH_0, CH_1, CH_2, and CH_F have been
computed to be −42.9, −13.9, 13.3, and 30.0 mJ·m−2, re-
spectively. The results establish a trend of increasing values of
the SFE with increasing degree of chemical SRO. In contrast, the
widths of the distributions (with the SD of ∼31 mJ·m−2) are al-
most unchanged for varying states of chemical SRO. Although
the exact width of the distributions depends on the size of the
supercell used in the calculations, the results clearly illustrate
how variations in the local composition and order affect planar
fault energies. We note that a heterogeneous distribution of local
SFE may affect the plastic deformation mechanisms, considering
the existence of both weak and strong close-packed atomic
planes that is in contrast with conventional crystalline alloys. A
similar example can be found in studying the dislocation cross-
slip affected by the fluctuations in the spatial solute distribution
in random solid solutions (27).
The average SFE, γisf , and γesf in CrCoNi alloys can be

quantitatively correlated with the degree of chemical SRO,
reflected by the total nonproportional number of local atomic
pairs, Δδsum, as shown in Fig. 3 B and C, respectively. Such a
relationship can be understood as reflecting the effect of the
stacking fault-induced disruption of local chemical order that
increases the energy state of deformed samples. Specifically, in a
sample with configurational SRO, the creation of a stacking fault

Fig. 2. Calculated stacking fault energy of the random solid-solution CrCoNi
alloys. (A–C) The side view images of atomic configurations in the original fcc
structure, with ISF and ESF. The yellow shade indicates the stacking fault; the
plane labels of ABC. . . represent the sequence of close-packed (111) planes.
(D) Top view image showing the close-packed (111) plane. (E) The average SFE
with the number of random solid-solution CrCoNi samples (containing 360
atoms each) for both as-assigned and replicated supercells (Methods).
(Inset) The γisf of as-assigned supercells of CrCoNi alloys.
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by shear displacements changes not only the stacking sequence
but also the state of order near the stacking fault plane. This
latter effect leads to an increase in stacking fault energy that is
expected to increase with the magnitude of the SRO, as in-
dicated in Fig. 3. The Δδsum values, reflecting chemical order
summed over all pairs (Methods), are found to exhibit a
monotonically linear relationship with the value of γisf and γesf
(Fig. 3 B and C), for the first, second, and third nearest-neighbor
shells. By increasing the degree of local chemical order, the value
of γisf can be tuned remarkably from an average value of −42.9 to
30 mJ·m−2, whereas the value of γesf can be tuned from −27.8 to
66 mJ·m−2. Such variations, in γisf by more than 70 mJ·m−2 and γesf
by more than 90 mJ·m−2, are substantial for a crystalline metal
or alloy and would be expected to significantly affect mechani-
cal deformation mechanisms, as described in Discussion and
Conclusions.
It is also worth noting that the experimental measured γisf is

22 ± 4 mJ·m−2 at 300 K, which already falls within the range
explored by our DFT calculation at 0 K in Fig. 3B. In comparing
our zero-temperature calculated values with experiment mea-
surements at room temperature, it is important to note that the
stacking fault free energies at finite temperature need to con-
sider the entropy contributions from atomic vibrations, magne-
tism, and electronic excitations (18, 28). In recent work by Niu
et al. (18), vibrational free energies were incorporated in the
calculation of hcp–fcc free-energy differences for random
CoCrNi alloys, with the finding that the free energies changed by
less than 15% in the temperature range between 0 and 300 K.
We thus expect that the vibrational contributions to the SFE
values will be similarly relatively small over this temperature
range in such alloys, and the measured values for SFE in ex-
perimental CrCoNi samples extrapolated to 0 K would be slightly
smaller than the reported room temperature value of 22 ± 4 mJ·m−2.
This finding appears to imply that the CrCoNi alloys that have
been investigated experimentally to date likely possess a sig-
nificant degree of local chemical SRO, which falls within the

range investigated by our DFT calculation, rather than being a
random solid solution.

Occurrence of the fcc Versus hcp Phase. Understanding the com-
petition of fcc and hcp phases is critical for CrCoNi solid-solution
alloys. First, it is expected that the SFE in fcc crystal correlates
with the value of ΔEfcc→hcp, as the intrinsic stacking fault can be
considered as a two-layer embryo of the hcp structure embedded
in the fcc matrix (see, e.g., ref. 29). Second, the as-prepared
CrCoNi medium-entropy alloys crystallize as fcc solid solutions
in experiment, whereas this is seemingly in conflict with previous
computational results showing that the hcp phase is energetically
favored relative to the fcc phase (11, 13, 18). Moreover, at large
strain levels of deformation in CrCoNi alloys, a new phase with
hcp lamellae has been reported to appear within the matrix of
the fcc phase (13). This could be suggestive of a transformation-
induced plasticity effect that would be expected to occur if the
hcp structure has a lower energy than that of the fcc phase, which
then would be considered to be metastable. More recently, Niu
et al. (18) employed DFT calculations, considering the magnetic
contribution to the relative phase stability, unique dislocation
mechanisms for fcc to hcp phase transformation, as well as the
effects of vibrational entropy (see above) in leading to a transi-
tion temperature between these phases assuming random con-
figurational disorder. In light of these considerations, it is very
important to investigate the effects of local chemical order on
the hcp–fcc energy difference (ΔEfcc→hcp =Ehcp −Efcc).
Fig. 4 A and B show the side and top view images, respectively,

of atomic configurations of CrCoNi alloys in fcc and hcp struc-
tures. The sequence of close-packed (111) planes changes from
ABCABC for fcc phase to ABABAB for hcp phase. The relative
energies for those two phases in CrCoNi alloys are plotted in Fig.
4C, for four specific states of chemical order. The green shades
indicate the corresponding values of ΔEfcc→hcp. It should be
noted that these calculated values of ΔEfcc→hcp represent the
difference in energy between the fcc phase with its corresponding
equilibrated state of SRO and an hcp structure that results by
changing the stacking sequence but without reequilibrating the
configurational order. The energy difference calculated here is
thus intended to correspond to the bulk energy difference be-
tween the parent fcc phase and an hcp nucleus that would form,
e.g., through consecutive passage of partial dislocations, at low
temperatures where substitutional diffusion is slow and the
configurational order can be considered frozen.
The calculated energy differences show that for the random

solid solution (CH_0), the hcp phase is energetically favored,
consistent with earlier calculations (18). On increasing the de-
gree of local chemical order, the energies for both phases de-
crease, but the energy of the fcc phase drops faster, as seen in
Fig. 4C. At the final state (CH_F), the value of ΔEfcc→hcp re-
verses, favoring the fcc phase. The behavior of ΔEfcc→hcp can be
quantitatively correlated with Δδ1Cr−Cr so that it reflects the local
chemical order, as shown in Fig. 4C, Inset.
Fig. 4D plots γisf versus ΔEfcc→hcp for CrCoNi alloys with

varying chemical SRO, and a nearly linear relation is obtained, as
theoretically predicted. For the random solid solution, the DFT-
calculated negative value of ΔEfcc→hcp correlates with the nega-
tive value of γSFE. Dashed lines in Fig. 4D indicate where γisf = 0
or ΔEfcc→hcp = 0. Of note, where the hcp phase is energetically
equivalent to the fcc phase, the corresponding γSFE is predicted
to be ∼18 mJ·m−2 [two times of the interfacial energy between
the fcc and hcp phases (29)]. In particular, there are states of
chemical order that give rise to positive stacking fault energies
(consistent with experimental measurements of the SFE in ref. 9)
but with very low or even negative values of ΔEfcc→hcp. For such
alloys, deformation may enable the in situ transformation of fcc
to hcp structures, which can contribute to the steady high strain-
hardening rates (13), which in turn are likely to result in both

Fig. 3. Stacking fault energy correlates strongly with local chemical order-
ing. (A) Distribution of intrinsic stacking fault energy, γisf , for the CrCoNi
alloys in four specific states, which span from random solid solution to the
highest degree of chemical ordering extracted from the MC simulations.
In total, 108 stacking faults were considered for analysis in each group.
The average stacking fault energies, (B) γisf and (C) γesf , among those four
groups are plotted versus Δδsum for the first, second, and third nearest-
neighbor shells.
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high tensile strength and ductility in such alloys, as discussed in
Discussion and Conclusions.
Therefore, two critical results have been collected for CrCoNi

solid-solution alloys: (i) tuning the local chemical order can
significantly change the preference between fcc and hcp phases,
from negative ΔEfcc→hcp to the positive value and (ii) the quan-
titative relationship between the ΔEfcc→hcp and SFE can be
established for this alloy at various states of local chemical order.
Those findings provide new insights to understand the phase
stability as well as deformation-induced phase transformation in
CrCoNi solid-solution alloys.

Discussion and Conclusions
Stacking fault energies and structural energy differences in
CrCoNi solid solutions, as represented by medium-entropy alloys
and as a basis for the Cantor CrMnFeCoNi high-entropy alloy,
have been studied in this work using DFT calculations, with a
specific focus on the effect of local chemical ordering. From MC
simulations, we find strong tendencies for the formation of
chemical SRO, particularly around Cr atoms, which favor Ni and
Co atoms as nearest neighbors, and an enhancement of Cr
neighbors in the second and third shells. It is important to em-
phasize that the state of local chemical order in CrCoNi solid
solutions, as well as other HEAs, need not be that corresponding
to an equilibrium thermodynamic state, because it is inherited
through cooling from high temperatures. This is very significant
because it means that not only the microstructure but also the
local chemical order can be controlled, e.g., by adjusting the
heat treatment at elevated temperatures, to enhance or disfavor
the degree of ordering. However, this has yet to be proven
experimentally, in part because of the difficulty in assessing re-
gions of chemical order. However, the strong effects of local
chemical order on the underlying planar fault and structural
energy differences found in this theoretical study emphasize
that experimental studies of structure–properties relationships
in these multiple-element materials should now involve addi-
tional detailed measurements of chemical order. Indeed, this is
becoming increasingly feasible through the use of atom probe
tomography and advanced transmission electron microscopy
techniques (30, 31).
The present calculations, summarized in Fig. 3, demonstrate

that the average SFE of CrCoNi solid-solution alloys can vary
remarkably as the degree of chemical SRO increases. Specifi-
cally, as the degree of chemical SRO is varied from the random
configuration up to the highest degree of order realized in the
MC simulations, the value of γisf increases from −42.9 to 30 mJ·m−2,

whereas the value of γesf ranges between −27.8 and 66 mJ·m−2. In
comparison, the experimentally measured value of γisf , 22± 4 mJ·m−2,
falls within the range explored by our DFT calculation, imply-
ing that CrCoNi alloys may contain a degree of local chemical
order, although not necessarily the value corresponding to ther-
modynamic equilibrium at room temperature (because it is
inherited from cooling from high temperature). This notion offers a
profound resolution to the discrepancy between experimental
SFE measurements and previous DFT calculations that have
found negative values for the SFE of this alloy. Specifically,
in all of the DFT calculations of the SFE of CrCoNi alloys
before this work, chemical ordering has not been explicitly
accounted for.
The present computational study has revealed four charac-

teristic features of the stacking fault energies in medium-entropy
CrCoNi solid-solutions: (i) The average SFE is highly tunable
with a substantial variation of more than 70 mJ·m−2 for γisf and
more than 90 mJ·m−2 for γesf by tailoring local chemical ordering.
(ii) The low SFE of CrCoNi solid-solution alloys serves to pro-
mote the formation of deformation nanotwins, which has been
associated with the development of high strength, ductility, and
toughness in crystalline alloys. (iii) This tunable SFE, which
correlates with the negative or positive value of ΔEfcc→hcp, can
also affect deformation-induced phase transformation from fcc
to hcp phase. (iv) The predicted SFE are found to exhibit a large
distribution in values that would be realized in an alloy solid
solution, where the state of local chemical order varies hetero-
geneously throughout the sample. These unique aspects of
stacking faults in CrCoNi solid solutions, resulting from the ex-
istence and variation of local chemical ordering, would be
expected to influence the mechanisms of plastic deformation and
hence the mechanical properties. The SFE effect in conventional
crystalline alloys has been discussed (SI Appendix, SI Text).
Compared with conventional alloys, however, the consequences
of the unique aspects of planar fault energies for macroscopic
deformation behavior remain incompletely understood for mul-
ticomponent HEAs. Thus, we believe that it is essential that
further systematic studies be conducted on local chemical order
as well as its role in influencing the mechanical deformation of
HEAs in the future.
The findings from the present work highlight the general need

to discern how critical the role of local chemical ordering is on
the properties of other HEA systems (2, 32–35). It is important
to note here that chemical order may affect not only the energies
of stacking faults but also other critical defects, such as vacan-
cies, interstitials, and twin boundaries, all of which could be
similarly affected by tailoring the local chemical order to influ-
ence macroscopic mechanical properties. Strong variations in
these defect energies will likely affect not only strength, ductility,
and toughness but also resistance to high-temperature creep and
even irradiation damage (36–38). Future research on structure–
property relationships in these alloys should thus include con-
sideration of the effects of local chemical order, to understand
the degree to which chemical SRO can be used as an in-
dependent structural variable to guide alloy design and optimi-
zation. Our results thus highlight the possibility of tuning order
in disorder to ultimately achieve the science-based design and
optimization of new HEA systems with specifically desired
combinations of macroscale mechanical properties.

Methods
DFT-Based Monte Carlo Simulations. The systems studied were equimolar
CrCoNi ternary alloys in the fcc phase with lattice constant of 3.526 Å. For the
Monte Carlo simulation, 18 independent supercells, containing 180 atoms
each, were generated as special quasi-random structure (SQS) for initial
starting points; SQS structures represent the best representative model of a
random alloy in small systems with periodic boundary conditions (39). The
temperature employed in the MC simulations was 500 K. Energy calculations
were performed with the Vienna ab initio simulation package (40–42), using
spin-polarized density functional theory, with a plane wave cutoff energy of
420 eV. Brillouin zone integrations were performed using Monkhorst–Pack

Fig. 4. Energies of fcc and hcp structures in CrCoNi solid-solution alloys. The
(A) side and (B) top view images of atomic configurations for the CrCoNi
alloys in both fcc and hcp phases. (C) The relative energy difference (E −
Efcc,0) for both fcc and hcp phase at various degrees of local chemical or-
dering, where Efcc,0 is the average potential energy of the fcc CrCoNi alloys
with random configurational disorder. (Inset) The correlation between
Δδ1Cr−Cr and energy difference between the hcp and fcc phases, ΔEfcc→hcp. (D)
The correlation between γisf and ΔEfcc→hcp. Dashed lines indicate where
γisf =0 or ΔEfcc→hcp = 0.
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meshes with a 2 × 2 × 2 grid (43). Projector augmented wave potentials (42)
were employed with the Perdew–Burke–Ernzerhof generalized-gradient
approximation for the exchange-correlation functional (44). Similar to the
methods utilized in ref. 20, lattice MC simulations included swaps of atom
types with the acceptance probability based on the Metropolis–Hastings
algorithm (45). Finally, a conjugate-gradient algorithm was employed for
structural relaxations at the end of the MC runs using a denser k-point mesh
of 3 × 3 × 3. We note that although the effect of spin polarization on the fcc/
hcp energy difference in CrCoNi alloys with random substitutional configu-
rations was found in ref. 18 to be relatively small, our DFT-MC simulations,
performed with and without spin polarization included, led to differences in
the averaged SRO parameter.

Local Chemical Order Parameter. Modified from the Warren–Cowley param-

eter (24), we defined the nonproportional number of local atomic pairs, Δδkij,
to quantify the chemical ordering around an atomic species for the first,
second, and third nearest-neighbor shells, for which the corresponding co-

ordination numbers are 12, 6, and 24, respectively. Δδkij was calculated as

Δδkij =Nk
0,ij −Nk

ij , [1]

where k denotes kth nearest-neighbor shells, Nk
ij is the actual (average)

number of pairs between atoms of type j and type i in the kth shell, and Nk
0,ij

is the number of pairs that are proportional to the corresponding concen-

trations. In the case of a random solution, Δδkij = 0. The total nonproportional

number of all atomic pairs in the kth shell is Δδksum.

Stacking Fault Energy Calculations. The average SFE, γisf , and γesf of CrCoNi
alloys have been calculated using supercell models, employing the same DFT
methods described above. All of the SFE values were calculated using 360-
atom supercells, as illustrated in Fig. 2 A–C, which were set up by sequen-
tially stacking 12 close-packed (111) atomic planes. Two cases of sample
initialization were implemented. The first case was constructed by replicat-
ing the 180-atom configurations in the z direction normal to the stacking
fault plane, including those at four different states, CH_0, CH_1, CH_2, and
CH_F; for each state, there were 108 stacking faults under study, extracted
from 18 independent samples, whose six planes were all considered for
each configuration by shifting the stacking fault to the middle of the
constructed supercells. The second case was for the directly as-assigned 360-
atom configuration with random solid solution, representing 108 independent
configurations in total. The atomic configurations for each sample were struc-
turally relaxed in the three directions. Next, an ISF and ESF were created in a
stacking sequence of ABCABCjBCABCA (Fig. 2B) and ABCABCjBjABCAB (Fig. 2C),
respectively. The SFE was obtained from the energy difference of the two op-
timized structures normalized by the area of the stacking fault.
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