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a b s t r a c t

A broad variation of stacking fault energy (SFE) in high entropy alloys (HEAs) gives rise to rich
deformation mechanisms and unique mechanical properties of HEAs. In this paper, we aim to reveal
the interplay between grain boundaries and stacking faults in governing the strength and flow stress of
CoNiCrFeMn HEA. We carried out atomistic simulations for the tension of polycrystalline CoNiCrFeMn
HEA of different grain sizes from 3.0 to 48.6 nm at different temperatures. The tensile flow stress of the
HEA follows the traditional Hall–Petch (HP) relation till grain size is down to 15.0 nm. Massive stacking
faults contribute to the extra hardening and render a rather gradual drop of flow stress with increasing
grain size: In the regime governed by HP relation, partial dislocations emitting from grain boundaries
are primarily leading partials; and resulted stacking fault (SF) can serve as barriers to dislocation gliding
on intersecting planes. This mild hardening mechanism complements strong hardening from grain
boundaries. We expect SF induced hardening could be general in polycrystalline HEAs. The findings
reported here may provide a basis and engineering guidance for strengthening and toughening the
design of a broad range of HEAs characterized by a wide spectrum of SFEs.

© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Guided by the Hall–Petch relation [1,2], grain refinement as
n effective strengthening strategy for metals or alloys has been
roadly employed. It is therefore natural to question whether
ovel polycrystalline alloys like high-entropy alloys (HEAs)
3–7] may obey the same relation. Over the past decades, HEAs
ave been attracting much attention for their outstanding com-
ination of mechanical strength and ductility.
Driven by the ever-increasing demand for high strength and

uperb deformability, grain size strengthening in face-centered
ubic (FCC) CoNiCrFeMn HEAs has been performed experimen-
ally on the micron scale [8,9], even on nanocrystalline regime
10]. In traditional polycrystalline metals, such as Cu [11–13],
e [14], Ta [15,16] Mg [17], Zr [18], Al [19], it is found that
ith decreased grain size, the strength of the metals increases
o a plateau at an average grain of about ten nanometers fol-
owed by a strength softening, a phenomenon termed as inverse
all–Petch [20,21]. In HEAs, the transition of strength harden-
ng to softening with grain refinement is also broadly observed
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in CoNiFeAlxCu1−x [22] and FeNiCrCoCu [23] under tension or
compression.

Due to the low SFE in CoNiCrFeMn HEA [24,25], it is easy
to nucleate leading partial dislocation bounding a considerable
quantity of SFs inside grains. And SFs appear to possibly offer
a hardening effect [26]. But how SFs contribute to the unique
mechanical properties of HEA, and their interplay with grain-
size effect in the nanoscale is still lacking. Due to the difficulty
of obtaining detailed deformation behavior in nanocrystalline
systems, molecular dynamics (MD) simulation has been adopted
broadly, as a complementary tool to experimental investigations.
This investigation aims to demonstrate the interaction between
dislocations and GBs in HEAs in relatively large grains up to 50 nm
and their correlation with strengthening in the presence of low
and fluctuating SFEs through MD simulations.

2. Computational methodology

Molecular dynamics simulations with the second nearest-
neighbor modified embedded-atom method interatomic poten-
tial [27] are performed by using LAMMPS [28]. Initially, twelve
cubic simulated samples composed of grains of average grain size
d ranging from 3.0, 6.0, 8.0, 10.0, 12.0, 15.0, 20.0, 25.0, 30.0, 38.6,

43.0, and 48.6 nm were prepared. Each model with an average
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Fig. 1. Stress–strain response of NC CoNiCrFeMn HEA at different temperatures. (a) Typical NC CoNiCrFeMn HEA sample with a close-up view of atomic distribution
on GBs, where green atoms have FCC order and white ones are on GBs; in the enlarged region, Co, Ni, Cr, Fe, and Mn atoms are painted in red, blue, yellow, pink,
green, respectively; (b) to (e) Stress–strain curves of the NC samples of different grain size at 77, 300, 600, and 1000 K, respectively.
grain size greater than 6.0 nm contains 20 grains, giving rise to a
sample size of 16.5 nm (d = 8.0 nm) to 106.3 nm (d = 48.6 nm),
while models with d = 3.0 nm and 6.0 nm contain 320 and 40
grains, respectively, to ensure a sample size of 16.5 nm. And all
the grains were constructed by the Voronoi construction method
to produce random crystallography orientation [29]. Periodic
boundary conditions were applied in all directions. And each
element shares an equal atomic ratio. A typical microstructure is
presented in Fig. 1a, where atoms of different types are colored
distinctly with a close-up view of GBs.

The as-prepared samples were relaxed through the energy
minimization process using the conjugate gradient method to
obtain equilibrium configurations and then heated to specific
temperatures of 77, 300, 600, and 1000 K under the NPT ensemble
to verify the temperature influence. A uniaxial tension strain of
10% is applied to each sample along the Z-axis over 500 picosec-
onds, corresponding to a nominal strain rate ϵ̇ = 2×108 s−1 with
constant temperature and zero pressure (stress) along the X- and
Y -axis maintained via the NPT ensemble.

3. Results and discussion

3.1. Yield strength and flow stress

Stress–strain curves of samples with various mean grain sizes
of CoNiCrFeMn HEA ranging from 3.0 nm to 48.6 nm are shown
in Fig. 1b to e for deformation at 77, 300, 600, and 1000 K, in
turn. The stress–strain curve of a typical sample resembles what
we see in polycrystalline metals: a linear elastic regime at small
strains, followed by a nonlinear elastic portion in the stress–strain
curve, then a stress plateau; proceeding deformation leads to
post-softening (except in the sample of grain size 3.0 nm) and
subsequent steady-state plastic flow. Nonlinearity arises from the
complex interactions among irregular atomic structures on the
boundaries. Massive dislocation nucleation ceases the decrease
of stress at a certain strain level and leads to the post-softening.
Exception in the sample of small grains (less than 3.0 nm) may
attribute to the unperceivable transition between dislocations
and GB activities.
2

The yield stress and flow stress at different temperatures
are plotted in Fig. 2 as a function of grain size, the previous
results for the common metals are shown in the right column for
comparison. The yield stress is obtained by 0.2% offset method,
and the flow stress is calculated by averaging the stress at the
strain of 6% to 10% where error bars indicate the fluctuations in
this strain interval. As shown in Fig. 2, with the temperature rising
from 77 K to 1000 K, both stresses decrease significantly.

The left side of Fig. 2a shows the 0.2% yield strength following
the conventional definition as a function of grain size. By compar-
ison, we show on the right-hand side the yield strength vs grain
size results from other MD simulations. Compared with experi-
mental observations, the HEA deforming at lower temperatures
exhibits higher yield strength, originates partly from thermally
activated dislocation activities and partly from atomic events at
GBs by either diffusive or gliding activities. More strikingly, there
is no apparent softening in yield strength as grain size increases at
all four temperatures from 77 K to 1000 K, instead, exhibiting the
so-called inverse Hall–Petch behavior. At all temperatures, the in-
crease of flow strength is more profound at the smaller size end in
contrast to that of large grains, indicating a rapid transition from
GB activities in samples of small grains to dislocation-dominated
plasticity in samples of larger grains.

The trend in Fig. 2a comes from the competition between GB
deformation and dislocation nucleation. At the outset, samples
after relaxation are nearly dislocation free. Greater GB volume
fraction in samples of smaller grains leads to premature inelastic
deformation before 0.2% residual strain for an easier motion
of GBs and a greater possibility of partial dislocation emission
[30,31], which effectively leads to lower yield strength by the
traditional definition. By contrast, large grains are primarily gov-
erned by elastic deformation through lattice stretch, in compan-
ion with a small amount of inelastic deformation on GBs, and give
rise to rather higher yield strength in samples of larger grains. GB
mechanisms may become negligible for sufficiently large grains
and lead to a saturation of yield strength, as seen in Fig. 2a.
Our observations are similar to those reported in the literature
[11–19,22,23].
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Fig. 2. Stress vs grain size for CoNiCrFeMn HEA at 77, 300, 600, and 1000 K,
espectively. (a) Yield stress and (b) flow stress are plotted as a function of the
ean grain size of CoNiCrFeMn HEA. Previous results from MD simulations for
u [11–13], Al [19], Fe [14], Mg [17] (10 K and 300 K), Zr [18] (10 K and 300
), CoNiFeAlxCu1−x [22] (FCC and BCC) and CuFeNiCrCo [23] (10 K, 300 K, and
00 K) are shown on the right for comparison.

The flow stress follows the traditional HP relation till grain size
own to 15 nm to reach a maximal strength, which are 5.2, 3.8,
.9, and 2.0 GPa under 77, 300, 600, and 1000 K respectively, as
hown in Fig. 2b. Then the flow stress decreases sharply as the
rain size is further reduced, on par with previous studies on NC
etals [11–19] and HEAs [22,23]. It is worth noting that, the flow
tress of CoNiCrFeMn HEAs decreases with increasing grain size,
his HP slope is rather mild.

.2. Evolution of the microstructure

To reveal the mechanism governing the slight size-dependent
low stress, we explore the deformation details and monitor in
ig. 3a to d dislocation activities in one of the grains in the poly-
rystalline sample with average grain size over 30.0 nm. As seen
n Fig. 3a, multiple dislocations with Burgers vector of 1/6<112>
ucleate from GB at the applied strain of 4% and then glide across
he entire grain till being absorbed by rather than piling up before
B. At this stage, no dislocation interactions are observed, as
3

shown in Fig. 3b. It is of interest to see a prominent feature in this
process: the propagating front of the dislocation is highly wavy.
Such an irregularity, resulting from nanoscale heterogeneity in
terms of atomic composition and resulted energy landscape, plays
an important role in the unique mechanical behaviors of HEA and
was also observed in previous studies [32]. Please refer to the
Appendix Movie (AM 1) to see dislocation nucleation within a
grain.

Further deformation leads to a high density of dislocations
stored in the grain, as shown in Figs. 3c to d. Interactions between
parallel and inclined dislocation give rise to sessile dislocations
with Burgers vector of 1/6<110> (Fig. 3d, lines in purple). It is
noted that the 1/6<112> dislocation is the most common partial
in FCC metals, bounding a stacking fault which may influence
both dislocation nucleation and motion, in addition to preexisting
GBs.

3.3. Stacking fault induced hardening

The blocking effect on dislocations imposed by stacking faults
is further demonstrated in Figs. 3e to h. In the early stage of plas-
tic deformation, leading partials are nearly on parallel slip planes,
as found in Figs. 3e and f. Very few trailing partials are seen
to follow those leading partials emitted from GBs. Later on, de-
formation activates dislocation activities in all three distinct slip
planes with distinct normal, shown in Figs. 3g and h (see AM 2
for the nucleation process of the SF network within a grain). Their
interaction and intersection give rise to fine plastically deformed
domains, akin to those seen in twin-induced plasticity steels
(TWIP) under plastic deformation [33] as well as in maraging
steels with ultrafine and dense nanoscale precipitates [34,35].

The subsequent partials in intersecting planes either pene-
trate the previous SFs or being blocked, forming narrowly spaced
stacking fault networks. The atomic nature of such a process is
demonstrated in Figs. 4a to c. We show in Fig. 4a an incident
1/6<112> leading partial run into a preexisting SF, which in turn
serves as a barrier to the leading partial until accumulative energy
reaches a new high to let it break-in. The penetrated segment
continues to propagate with further straining. Incident leading
partials are not necessarily able to penetrate the stacking faults,
which may lead to a blocking mechanism (see Fig. 4d and AM 3),
evidence of hardening induced by stacking fault. Alternatively, it
may form a sessile stair-rod dislocation with another partial (see
Fig. 4e) which is thought to stabilize the SF network [36] and also
strengthen the material at some level. These two mechanisms
originated from stacking faults, in combination supply extra hard-
ening mechanisms in addition to existing unveiled ones.

Since SFs may serve as barriers to dislocation motion, in re-
semble of planar structures like twin boundaries, we are inter-
ested in its density evolution during deformation. In Fig. 5, we
present both mean stacking fault spacing (SFS) and dislocation
density. The evolution of both with loading is shown in the right
column, and their average values at strain of 6% to 10% are
plotted in the left column as a function of grain size. The SFS is
approximated by counting the number of HCP atoms on stacking
faults NSF in a sample. Taking account the number of atoms in
ne cross-sectional atomic plane is Ns, a total number of stacking

fault planes is estimated to be n =
NSF
Ns

, from which we obtain
the average SFS l through (nl)3 ≈ V for V being the volume of
simulation box.

From Fig. 5a, we see that the SFS decreases rapidly from 50 Å
to 15 Å as grain size is up to 20 nm, and the space becomes
stable with further grain size increases. It may suggest saturated
hardening by stacking faults beyond grains greater than 20 nm.
Stacking fault spacing decreases with straining at both 77 K and
600 K, as shown in Figs. 5b and c.
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Fig. 3. Snapshots of a grain in the polycrystalline CoNiCrFeMn HEA with d = 38.6 nm under 77 K and at the applied strain of (a) 4%, (b) 5%, (c) 8%, and (d)
0%, respectively, where FCC and HCP atoms were invisible. Remaining atoms were colored according to the distance to the center. The solid lines are dislocations
dentified by the dislocation extraction method, where green (purple) dislocation type was 1/6<112> (1/6<110>). To show the structures of stacking faults, a grain
ith d = 48.6 nm at the applied strain of (e) 4%, (f) 5%, (g) 6%, and (h) 10% is further presented, where only HCP atoms remained. The arrows point to interactions

of stacking faults. (Scale bar=10 nm.)
Fig. 4. The interactions between dislocations or SFs on intersecting planes. (a–c) A partial dislocation penetrates through SFs at further strain 7.6%, 7.7%, and 8.1%,
espectively. (d) The blocked partials by SF. (e) A stair-rod dislocation with Burgers vector of 1/6<110> formed by two partials. The arrows indicate the slip directions
f partials.
The densities of total dislocations ρ are presented in Figs. 5d
and e. Higher temperature certainly facilitates the nucleation
of dislocations, as evidently seen by comparing Fig. 5e with f.
Samples are nearly dislocation free at 77 K before 4% strain but
there emerges a large amount of dislocation when samples are
deformed at 600 K and at the same strain level. The average dis-
location density rises sharply as grain size increases to ∼15.0 nm,
nd it then decreases, in compatible with the trend of flow stress
4

vs grain size seen in Fig. 2b. Please refer to AM 4 and 5 for
dislocation activities in samples of grain size about 12.0 nm and
38.6 nm, respectively.

4. Conclusion

Stacking fault energy plays a central role in the mechan-
ical properties of FCC metals, including the brittle-to-ductile
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Fig. 5. Statistics of stacking fault spacing (SFS) and dislocation density. (a) SFS versus grain size under uniaxial tension at the strain of 6% to 10%. SFS versus strains
for samples of several grain size deforming at (b) 77 K and (c) 600 K. (d) The densities of averaged dislocations ρ at the strain of 6% to 10% as a function of average
rain size. (e) ρ versus strain at 77 K, (f) ρ versus strain at 600 K.
ransition in materials [37], the partial-to-complete dislocation
ransition and its implication with fracture toughness [38,39],
he dislocation-to-twinning deformation in TWIP steels [33], and
he phase transformation in TRIP steels [40]. High entropy alloys
upply a material system all those features may co-exist and
e tunable to achieve superb properties: as a consensus, SFE in
EA follows a wide span of distribution through chemical and
tructural manipulation. Such broad distribution of SFE makes
EAs unique in many aspects and has been under intensive
xploration since its discovery [41].
In this paper, we revealed the interplay between GBs and

tacking faults in governing the strength and flow stress of CoNi-
rFeMn HEA. We carried out atomic simulations of polycrystalline
oNiCrFeMn HEA of different grain sizes from 3.0 to 48.6 nm.
he tensile flow stress of the HEA follows the traditional Hall–
etch relation till grain size down to 15.0 nm. A mass of stacking
aults contributes to the extra hardening and renders a rather
radual drop of flow stress with increasing grain size. In the
egime governed by the Hall–Petch relation, partial dislocations
mitting from GBs are primarily leading partials. Three distinct
lip planes are commonly activated in modeled samples of large
rains: partial dislocations in intersecting planes either pene-
rate the previous SFs or being blocked, forming narrowly spaced
F networks. Resulted SF can serve as barriers to dislocation
liding on intersecting planes. There are a large number of stair-
od dislocations with Burgers vector of 1/6<110> as well, which
re considered to stabilize the SF network and strengthen the
aterial at some level. These two mechanisms originated from
Fs complements with strong hardening from GBs. To conclude,
e expect SF induced hardening could be general in polycrys-
alline HEAs. The findings reported here may provide a basis and
ngineering guidance for strengthening and toughening design
f a broad range of HEAs characterized by a wide spectrum of
istribution of low SFEs.
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