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Abstract: The mechanical properties of high-entropy alloys (HEAs) can be regulated by altering
the stacking fault energy (SFE) through compositional modulation. The Co-rich HEAs, exhibit-
ing deformation twinning and even strain-induced martensitic transformation at room temper-
ature, suffer from insufficient ductility at high strength. In this work, we developed Co-rich
(Co40Fe25Cr20Ni15)100−xAlx (x = 0 and 5 at.%) HEAs and investigated their tensile behaviors at
room temperature. The addition of Al resulted in a massive improvement in the strength-ductility
product, even at similar grain sizes, and also altered the fracture mode from quasi-cleavage to ductile
dimple fracture. Interestingly, both alloys were deformed by mechanical twinning, which was also
verified by molecular dynamics (MD) simulations. The MD simulations revealed the SFE increased
upon Al addition; however, the slip energy barrier was reduced, which favored the mobility of
dislocations and twinning propensity to prolong strain hardening. The present findings provide
further insights into the regulation of mechanical properties of HEAs by Al-alloying.

Keywords: high-entropy alloys; deformation twinning; stacking fault energy; molecular dynamics
simulations

1. Introduction

High-entropy alloys (HEAs), known as multiprincipal element alloys with individual
atomic concentrations of at least 5 at.%, have gained tremendous research interest since their
inception in 2004 [1,2]. Amongst them, the face-centered cubic (fcc) class of these HEAs has
been extensively studied due to their impressive strength-ductility combinations, especially
in cryogenic conditions [3,4]. Most notable is the equiatomic CrMnFeCoNi (so-called
Cantor) alloy, which displays strength-ductility enhancement as temperature decreases as
a result of the transition in deformation behavior from dislocation slip at room temperature
to mechanical twinning at cryogenic temperatures [5]. This is because the stacking fault
energy (SFE) is a major factor that determines the prevalent deformation mechanism at
a specific temperature [6]. Apart from the temperature dependence of the SFE, it is also
compositionally dependent [7]. Elements such as Co and Cr decrease the SFE while Fe
and Ni increase the SFE [6–8]. Hence, this is the inspiration behind the development of
Fe-rich [9,10] and Co-rich [11,12] HEAs, which can access twinning-induced plasticity
(TWIP) and transformation-induced plasticity (TRIP) deformation mechanisms.

Indeed, these Co-rich HEAs have been primarily modeled after the Cantor alloy and
its lower entropy derivates, targeting switching between the TWIP and TRIP effects [11,12].
However, the Co-rich HEAs with early access to the fcc→ hexagonal close-packed (hcp)
martensitic transformation suffer from insufficient ductility at high strength because of the
lack of operative slip systems of the hcp phase [12]. Thus, the TWIP Co-rich HEAs with
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excellent strength–ductility combinations can be considered the rather attractive option,
which is the aim of this work.

In several fcc-structured HEAs, Al alloying has been a commonly exploited strategy to
improve the room temperature yield strength and hardness [13–18]. Without exceeding the
solid-solution limit of the fcc phase, the Al addition induces a solid-solution strengthening
effect due to an elastic misfit caused by an enhanced lattice distortion [17]. Meanwhile,
body-centered cubic (bcc) precipitates reinforce the fcc matrix once the solute solubility is
exceeded [15,19]. Furthermore, Al addition is known to modify the SFE of an alloy, which
opens the avenue to accessing different deformation mechanisms [20,21]. To the best of our
knowledge, the influence of Al alloying on Co-rich-type HEAs has yet to be reported. In the
present work, we report the effect of Al alloying on the mechanical properties of a Co-rich
Co40Fe25Cr20Ni15 HEA. The (Co40Fe25Cr20Ni15)100−xAlx (x = 0 and 5 at.%) alloys annealed
at 973–1123 K were all single fcc-structured with different grain sizes, which resulted in
varying tensile responses. The deformation microstructures were then characterized by
electron microscopy techniques to unravel the deformation and fracture mechanisms of
the alloys.

2. Materials and Methods
2.1. Experimental

We designed and prepared two Co-rich alloys with nominal composition (Co40Fe25
Cr20Ni15)100−xAlx (x = 0 and 5 at.%) by arc-melting raw elemental pellets (Alfa Aesar >
99.8 wt.% purity) under an argon atmosphere in a water-cooled copper crucible, herein
denoted as 0Al and 5Al, respectively. The ingots were cast into a 50 mm × 20 mm × 4 mm
metal mold, then homogenized at 1423 K for 2 h followed by water quenching. Cold-rolling
of samples was conducted with a thickness reduction of 70%, followed by recrystallization
annealing at 973 K, 1023 K, and 1123 K for 2 h, and water-quenching. Hereafter, the
annealed samples were denoted as 0Al-973 K, 0Al-1023 K, 0Al-1123 K, 5Al-973 K, 5Al-1023
K, and 5Al-1123 K, respectively.

X-ray diffraction (XRD) using Cu-Kα radiation was used to characterize the samples
to determine the phases present. The microstructures of the samples were studied using a
Zeiss Supra 55 scanning electron microscope (SEM, Zeiss, Jena, Germany) equipped with
an Aztec HKL electron back-scatter diffraction (EBSD) system. The elemental distributions
of the samples were also studied by SEM energy-dispersive X-ray spectroscopy (EDS).
Transmission electron microscopy measurements were performed using a field-emission
transmission electron microscope (FE-TEM; JEOL 2010, Tokyo, Japan) at 200 kV.

Tensile “Dog-bone” specimens with gauge dimensions of 12 × 1.18 × 2.27 mm3 were
machined from the annealed specimens and used for the room-temperature tensile tests
via a computer-controlled universal tensile testing machine (CMT5205 SANS, Shenzhen,
China) at a 10−4 s−1 strain rate.

2.2. Computational Simulations

We performed the molecular dynamics (MD) calculations of generalized stacking fault en-
ergy (GSFE) using the large-scale atomic/molecular massively parallel simulator (LAMMPS)
package [22] with an embedded-atom method (EAM) interatomic potential [23–26]. The
calculation of GSFE was performed with a 5.0 × 12.3 × 8.7 nm3 simulation cell oriented
with

[
112

]
, [111] and

[
110

]
directions, containing 48,000 atoms. To exclude the effect of the

random distribution of atoms on the GSFE, we generated 5 independent Co40Fe25Cr20Ni15
and (Co40Fe25Cr20Ni15)95Al5 models with the same composition but different atomic dis-
tributions and calculated their mean value and standard deviation. The intrinsic stacking
fault was introduced by fixing the atoms in the bottom half along the [111] direction while
moving the upper half of atoms along the

[
112

]
direction. The total displacement was

obtained by the Burgers vector, BV = a0/
√

6 (a0 is the lattice constant), of a Shockley partial
dislocation. Prior to GSFE calculations, energy minimization was performed using the
conjugate gradient algorithm followed by relaxation at 300 K in the isothermal–isobaric
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(NPT) ensemble for 80 ps. Constant temperature and zero pressure along the three di-
rections were kept by Nose–Hoover thermostatting and barostatting [27,28]. Throughout
the minimization and relaxation, periodic boundary conditions were applied in all three
directions. After that, to study the effect of short-range ordering on GSFE, a 2 × 105 step
Monte Carlo and molecular dynamics (MC-MD) simulation was performed by randomly
exchanging the atoms of different elements followed by a 1000-step MD relaxation, and the
potential energy during simulations was recorded.

3. Results
3.1. Starting Annealing Microstructures

Figure 1 represents the EBSD inverse pole figure (IPF) maps of the 0Al and 5Al samples.
All the samples are fcc-structured (i.e., according to the EBSD phase map, not shown here).
In addition, the samples contain recrystallized grains with near-random orientations. The
average grain sizes were estimated using the linear intercept method. The average grain
size of the 0Al samples increased from ~2.5 µm to ~5.3 µm as the annealing temperature
increased from 973 K to 1123 K. In a similar manner, the grain size increased from ~3.4 µm
to 10.6 µm with annealing temperature for the 5Al sample.
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Figure 1. EBSD IPF maps of the (a) 0Al-973 K, (b) 0Al-1023 K, (c) 0Al-1123 K, (d) 5Al-973 K, (e) 5Al-1023
K, and (f) 5Al-1123 K specimens.

To reveal the elemental distribution within the different compositions, we performed
SEM-EDS analyses on the 0Al-1123 K and 5Al-1123 K samples. Figure 2a reveals the SEM
image of the region where the EDS elemental maps were taken for the 0Al-1123 K sample.
It is seen that all elements are uniformly distributed without any obvious segregations
(Figure 2(b1–b4)). The Co, Fe, Cr, and Ni amounts are found to be 40.09 at.%, 24.93 at.%,
20.02 at.%, and 14.96 at.%, respectively. The EDS elemental maps taken from Figure 2c show
all comprising elements are homogeneously distributed in the 5Al-1123 K sample, which
further confirms no segregation effect is caused by Al addition. Figure 2(d1–d5) show the
elements are distributed as Co—38.05 at.%, Fe—23.78 at.%, Cr—19.20 at.%, Ni—14.24 at.%,
and Al—4.73 at.%, respectively. Hence, the distribution of all elements in both samples is
close to the nominal composition.
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3.2. Tensile Behaviors

The fcc structure of all the samples is also confirmed by the XRD patterns in Figure 3a.
Thus, it is seen that no hcp phase or secondary precipitates are observed in the samples after
isothermal annealing at the respective temperatures within the experimental uncertainty.
Figure 3b shows the room-temperature engineering stress–engineering strain curves of
the 0Al and 5Al samples. An interesting observation is the lower tensile elongations of
the 0Al samples relative to the 5Al samples. The 0Al-973 K sample records the highest
yield strength of 612 ± 8 MPa but the lowest fracture elongation of ~15% amongst all
the samples. Meanwhile, annealing at 1123 K causes a slight improvement in fracture
elongation while the yield strength is greatly reduced as seen by the yield strength and
elongation of 374 ± 4 MPa and ~24%, respectively, at 795 ± 4 MPa tensile strength. The
5Al-973 K sample shows the highest ultimate tensile strength of 947 ± 2 MPa coupled
with an impressive yield strength of 595 ± 7 MPa and fracture elongation of ~36%. The
5Al-1123 K shows a good combination of strength and ductility, i.e., yield strength, tensile
strength, and fracture elongation of 405± 4 MPa, 830± 3 MPa, and ~50%, respectively. The
yield and tensile strengths of the samples decrease while the tensile elongations increase
with the annealing temperature according to the classic strength–ductility tradeoff [29].
A summary of all the mechanical properties is provided in Figure 3d. An assessment of
the toughness of an alloy can be estimated as the product of the ultimate tensile strength
(UTS) and fracture elongation (εf) [30]. The UTS × εf values for the 0Al-973 K, 0Al-1023
K, and 0Al-1123 K samples are 12.8 GPa·%, 15.3 GPa·%, and 19.2 GPa·%, respectively.
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Meanwhile, the Al-alloyed samples display massively improved strength–elongation prod-
ucts of 34.4 GPa·%, 36.2 GPa·%, and 41.2 GPa·%, at the respective annealing temperatures.
These results demonstrate that the addition of Al positively impacts the toughness of
the Co40Fe25Cr20Ni15 HEA. The strain-hardening rate (SHR) as a function of true strain
for all the specimens is plotted in Figure 3c. The hardening rates of the 0Al samples are
relatively higher than that of the 5Al samples. For all the samples, strain hardening is
characterized by an initial rapid drop of the SHR, typical of the transition from the elastic
to plastic deformation regime. Hereafter, the SHR decreases gradually with strain. The 0Al
specimen failed to show any uniform elongation characteristics depicted by the absence of
an intersection between the SHR and the true stress–true strain curve [31]. According to
Considere’s criterion, necking is predicted to occur when the SHR < true stress for ductile
materials [32]. This suggests the 0Al specimens rupture at high hardening rates without
any notable necking. Meanwhile, strain hardening is prolonged in the 5Al sample, thus
necking occurs at higher strains and results in better fracture elongations compared to the
0Al specimens. The significant difference in the strain hardening rates could be ascribed to
different deformation mechanisms or even fracture modes in the samples [33,34].
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Figure 3. (a) XRD patterns; (b) engineering stress–engineering strain curves; (c) strain hardening
rates and true stress–true strain curves; and (d) Comparison of the yield strengths, tensile strengths,
and tensile elongations of the studied (Co40Fe25Cr20Ni15)100−xAlx (x = 0 and 5 at.%) specimens.

3.3. Deformation Microstructures

To understand the strain hardening behavior of the samples, we observed the deforma-
tion microstructures at the different local strains in the 0Al and 5Al samples. We selected the
0Al-1123 K and 5Al-1123 K samples for observations because they displayed the optimum
strength–ductility combination for their alloy classes. We note that ESBD observations
of the deformed 0Al-1123 K and 5Al-1123 K samples revealed all the samples were fcc-
structured and, thus, no strain-induced fcc to hcp martensitic transformation occurred.
Figure 4(a1,a2) show the image quality (IQ) and IPF maps of the 0Al-1123 K samples at 13%
local strain. It is seen that deformation twins (i.e., parallel lines with 60◦ misorientations)
are formed inside the grains at this strain. However, the amount here is relatively low, such
that they are sparsely seen on the IPF map. At 23% local strain (Figure 4(b1,b2)), the twin
boundaries are significantly higher, hence they are readily seen in the IPF map. Meanwhile,
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the 5Al-1123 K sample (Figure 4c,d) also shows similar deformation characteristics. The
twin boundaries at 26% local strain are barely visible in the IPF map (Figure 4(c2)) due
to the limited amount but become more visible in the IPF map (Figure 4(d2)) at 49% local
strain in the IPF map when they increase in amount. The observation of deformation twins
at low and high strains in both samples suggests deformation twinning contributes to strain
hardening in both alloys. Deformation twinning is known to be affected by the grain size
of metals [35]. The critical twinning stress is higher at smaller grain sizes, which makes
twinning relatively difficult in refined microstructures than in coarse grains [36]. We thus
compared the number fraction of the detected twin boundaries of the IPF maps at 23% and
49% local strains of the 0Al-1123 K and 5Al-1123 K samples, respectively. The twin fractions
for the 0Al-1123 K and 5Al-1123 K samples are found to be ~9.2% and ~15.3%, respectively.
This indicates that mechanical twinning is more profuse in the coarse-grained 5Al-1123 K
sample compared to the finer 0Al-1123 K sample. Of course, such an assessment is tricky
because the dissimilar grain sizes are from different alloy compositions. To establish a
better understanding, it is preferable to compare the mechanical twinning behavior of
different alloy systems with similar grain sizes. From the EBSD-IPF maps in Figure 1,
the average grain sizes of the 0Al-1023 K and 5Al-973 K are similar. The EBSD IQ and
IPF maps at the near-fracture area of the 0Al-1023 K and 5Al-973 K samples are shown
in Figure 5a,c, respectively. Again, many parallel lines are clearly visible in the grains of
both samples, indicating deformation twinning is an active deformation mechanism. The
number of twins is ~5.3% in the 0Al-1023 K sample and ~7.1% in the 5Al-973 K sample.
This discrepancy suggests that twinning is likely prolonged in the 5Al samples, resulting in
improved ductility.
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Figure 5. EBSD (a1) IQ and (a2) IPF maps near the fracture region of the 0Al-1023 K specimen;
(b) SEM fracture micrograph of the tensile-fractured 0Al-1023 K specimen. EBSD (c1) IQ and (c2)
IPF maps near the fracture region of the 5Al-973 K specimen; (d) SEM fracture micrograph of the
tensile-fractured 5Al-973 K specimen.

Figure 5b shows the SEM fractography of the 0Al-1023 K specimen. The specimen
shows a mixture of quasi-cleavage and ductile-dimple fractures. However, the quasi-
cleavage mode occupies a larger area and consists of many shallow river-like lines. Such a
quasi-cleavage fracture mode typically reduces the fracture resistance of alloys [37], hence
the lower fracture elongations of the 0Al specimens. The 5Al-973 K specimen (Figure 5d)
consists of only ductile dimples. The dimples occupy the full area of the fracture surface
and are approximately several hundred nanometers in size. This ultrafine dimple size
indicates that the coalescence of the micro-voids during the nucleation and propagation
of a crack in the sample is significantly slow to delay fracture [34]. The appearance of the
ductile-dimple fracture mode without any quasi-cleavage is responsible for the improved
fracture elongations of the 5Al specimen.

4. Discussion

Achieving an optimum strength and ductility combination is an important criterion
for the design of structural materials. In the absence of forming secondary precipitates,
minor alloying typically results in the improvement of the solid-solution strength (σs) due
to the large strain mismatch caused by the introduction of larger- or smaller-sized atoms
(i.e., lattice distortion effect) into the fcc lattice [4]. Figure 6a shows the calculated lattice
parameters from the XRD patterns (Figure 3a) for the 0Al and 5Al samples. It is seen that
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the addition of Al to the model Co40Fe25Cr20Ni15 HEA increases the lattice parameter,
hence, the solid-solution strengthening by the Al is realized. According to the elasticity
model for fcc HEAs, Al atoms with larger atomic sizes in the fcc lattice cause a larger lattice
friction, which results in a higher strength [38].
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The tensile strength and strain hardening rates are known to be highly dependent on
the operative plastic deformation mechanism, which is also determined by the SFE [39].
In the currently studied alloys, we have observed deformation twinning in both the 0Al
and 5Al samples, but with notably different strain hardening and fracture elongations. To
understand this discrepancy, we performed MD simulations of the GSFE curves of the
0Al and 5Al samples at 300 K, as shown in Figure 6b. From the GSFE curves, the intrinsic
SFE (γisf), extrinsic SFE (γesf), unstable SFE (γusf), and unstable twinning energy SFE (γutf),
are calculated. Generally speaking, γisf defines the stability of a stacking fault while γusf
represents the lowest energy barrier for dislocation nucleation [40]. As such, γisf is typically
used to depict the SFE of an alloy system. For both alloy systems, the formation of intrinsic
SFs is thermodynamically favored over extrinsic SFs since the γisf > γesf. The γisf for the
0Al is found to be 70.6 mJ/m2 while it increases to 81.1 mJ/m2 for the 5Al sample. The
observed significant increase in SFE upon Al alloying is expected [20,21] and is consistent
with previous reports where mechanical twinning was prevalent [17,41]. It should be noted
that our SFE values are relatively high compared to the proposed experimental range for
mechanical twinning to occur at 15≤ SFE≤ 45 mJ/m2 [39]. This discrepancy in experiment
and theory lies in thermodynamic, magnetic, ordering, temperature, pressure, etc., factors
that are difficult to replicate during theoretical calculations [42–44].

The question is then why do the 0Al and 5Al samples display significantly different
fracture modes regardless of the mechanical twinning? To answer this, we examined the
dislocation and twinning propensities of the two alloy systems. The mobility of a slip
system depends on the slip energy barrier (∆γ), which is defined as the difference between
γusf and γisf [45]. From Figure 6b, the ∆γ0Al and ∆γ5Al are found to be 275 mJ/m2 and
228 mJ/m2, respectively. This means that the 0Al HEA shows a higher resistance for
dislocation nucleation, which is expected to affect the effective propagation of dislocations.
Since the movement of dislocation is associated with plasticity, such a high-slip energy
barrier indicates the mobility of dislocations in 0Al is slower, hence the lower fracture
elongations of the 0Al. Furthermore, the twinning propensity in both alloys can also
roughly be estimated as Λratio = γutf−γisf

γusf−γisf
[46], where a higher Λratio corresponds to an

improved twinning propensity. The Λratio for the 0Al and 5Al samples are found to be 1.18
and 1.29, respectively. This indicates that the 5Al HEA shows a higher twinning propensity
than the 0Al HEA, which is in agreement with the EBSD results (Figures 4 and 5). The
higher twinning propensity and lower slip energy barrier of the 5Al HEA are favorable
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for dislocation accumulation and mobility, which, in turn, promotes strain hardening
and plasticity.

Considering the 5Al-1123 K sample shows the optimum mechanical properties, we per-
formed additional TEM analyses on the deformation microstructure as shown in Figure 7. The
bright-field (BF) TEM micrograph (Figure 7a) reveals the presence of lamellar deformation
twins (DTs). The corresponding selected area electron diffraction (SAED) pattern confirms
the typical fcc-twin relationship with the dual spots. High-resolution (HR) TEM imaging
in Figure 7b indicates the twin thickness ranges from 2 nm to 10 nm. Stacking faults (SFs)
are also observed (Figure 7c,d), and the corresponding SAED pattern (inset of Figure 7d)
taken from this region shows the absence of twins or the hcp phase. In low SFE metals,
these SFs are a prerequisite for mechanical twinning during deformation [47]. Deformation
twins usually promote strain hardening by inhibiting mobile dislocations [39] according
to the so-called dynamic Hall–Petch effect where the twins impose a dynamic refinement
of the grain interiors, which provide enough barriers against dislocation motion during
deformation [48].
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Figure 7. (a) BF-TEM micrograph showing the presence of deformation twins (inset is the corre-
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(c) BF-TEM micrograph of SFs (inset SAED confirms these SFs have not transformed into an hcp
phase); (d) HRTEM of SFs in the tensile-fractured 5Al-1123 K specimen.

Thus, in a case where the twinning propensity is higher and the intrinsic dislocation
multiplication is favorable, the plastic strain storage capacity is effectively enhanced by the
dislocation–dislocation, dislocation–twin, and twin–twin interactions to maintain strain
hardening. On the other hand, an insufficient mobile slip system would effectively raise
the intrinsic friction stress and a subsequent high strain hardening rate [44]. However, due
to the limited mobile slip systems, the dislocation motion becomes hindered, which affects
plasticity. This is detrimental to the effective accumulation of plastic strain such that even
though deformation twinning occurs, the early fracture of the sample will occur in 0Al
alloys. Hence, even though both the 0Al and 5Al HEAs deform via mechanical twinning,
the ease in dislocation nucleation and improved twinning propensities by the Al alloying
results in a massive improvement in strength–plasticity synergy.
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5. Conclusions

The present study investigated the influence of Al alloying on the tensile behavior
of an fcc-structured Co-rich HEA at room temperature. The (Co40Fe25Cr20Ni15)100−xAlx
(x = 0 and 5 at.%) HEA series were prepared by a conventional thermomechanical pro-
cessing route involving homogenization, cold-rolling, and recrystallization annealing. The
following conclusions could be drawn:

(1) By alloying with 5 at.% Al, the fcc microstructure of the Co-rich HEA was retained.
Annealing at 973 K, 1023 K, and 1123 K resulted in grain sizes ranging from ~2.5 µm
to ~5.3 µm for the 0Al samples and ~3.4 µm to 10.6 µm for the 5Al samples.

(2) The relationship between the tensile strength and plasticity followed the classical
strength-ductility tradeoff in both alloy samples. As the annealing temperature
increased, the tensile strength decreased from 876 MPa to 795 MPa while the plasticity
increased from ~14% to 24% for the 0Al samples. Similarly, the tensile strength
decreased from 947 MPa to 830 MPa and the plasticity increased from ~36% to 50% as
the annealing temperature increased for the 5Al samples.

(3) The addition of the Al significantly modified the fracture mechanism from a dominant
quasi-cleavage to a ductile dimple fracture mode. This was attributed to the prolonged
strain hardening and the fulfillment of Considere’s criterion for uniform elongation
by the 5Al samples.

(4) EBSD analyses of the deformation microstructures revealed both alloys were deformed
primarily by deformation twinning. However, the twin fraction for the 5Al alloy was
considerably higher relative to the 0Al alloy. The higher twinning propensity by the
5Al sample was further verified by MD simulations, and the significant difference
in the plasticity of the alloys was ascribed to the difficulty in slip mobility for the
0Al alloy.

Author Contributions: Y.L., writing—original draft, investigations, methodology, data curation.
Y.C., writing—original draft, investigations, methodology, data curation. R.K.N., writing—review
and editing, formal analysis, validation. N.W., formal analysis, investigations, methodology. Q.C.,
writing—review and editing, data curation, validation, supervision. X.W., writing—review and
editing, data curation, validation. D.Z., project administration, visualization, resources. J.-Z.J.,
conceptualization, writing—review and editing, supervision, funding acquisition. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by (a) the National Natural Science Foundation of China (Grant
numbers: 11975202, 12275237, and 52271156), and (b) the Natural Science Foundation of Zhejiang
Province (Grant numbers: LY15E010003 and LZ20E010002).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data used in this work will be available upon reasonable request.

Acknowledgments: Financial support from the National Natural Science Foundation of China (11975202,
12275237, and 52271156), the Natural Science Foundation of Zhejiang Province (LY15E010003 and
LZ20E010002), and the Fundamental Research Funds for the Central Universities are gratefully acknowl-
edged. The authors acknowledge Beijing PARATERA Tech CO. Ltd. for providing HPC resources that
have contributed to the research results reported within this work. URL: https://paratera.com/.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Zhang, Y.; Zuo, T.T.; Tang, Z.; Gao, M.C.; Dahmen, K.A.; Liaw, P.K.; Lu, Z.P. Microstructures and properties of high-entropy alloys.

Prog. Mater. Sci. 2014, 61, 1–93. [CrossRef]
2. Cantor, B.; Chang, I.T.H.; Knight, P.; Vincent, A.J.B. Microstructural development in equiatomic multicomponent alloys. Mater.

Sci. Eng. A 2004, 375–377, 213–218. [CrossRef]
3. Li, Z.; Zhao, S.; Ritchie, R.O.; Meyers, M.A. Mechanical properties of high-entropy alloys with emphasis on face-centered cubic

alloys. Prog. Mater. Sci. 2019, 102, 296–345. [CrossRef]

https://paratera.com/
http://doi.org/10.1016/j.pmatsci.2013.10.001
http://doi.org/10.1016/j.msea.2003.10.257
http://doi.org/10.1016/j.pmatsci.2018.12.003


Materials 2023, 16, 1149 11 of 12

4. Nutor, R.K.; Cao, Q.; Wang, X.; Zhang, D.; Fang, Y.; Zhang, Y.; Jiang, J.-Z. Phase Selection, Lattice Distortions, and Mechanical
Properties in High-Entropy Alloys. Adv. Eng. Mater. 2020, 22, 2000466. [CrossRef]

5. Gludovatz, B.; Hohenwarter, A.; Catoor, D.; Chang, E.H.; George, E.P.; Ritchie, R.O. A fracture-resistant high-entropy alloy for
cryogenic applications. Science 2014, 345, 1153–1158. [CrossRef] [PubMed]

6. George, E.P.; Raabe, D.; Ritchie, R.O. High-entropy alloys. Nat. Rev. Mater. 2019, 4, 515–534. [CrossRef]
7. Liu, S.F.; Wu, Y.; Wang, H.T.; He, J.Y.; Liu, J.B.; Chen, C.X.; Wang, H.; Liu, X.J.; Lu, Z.P. Stacking fault energy of face-centered-cubic

high entropy alloys. Intermetallics 2018, 93, 269–273. [CrossRef]
8. Zhao, S.; Stocks, G.M.; Zhang, Y. Stacking fault energies of face-centered cubic concentrated solid solution alloys. Acta Mater.

2017, 134, 334–345. [CrossRef]
9. Li, Z.; Pradeep, K.G.; Deng, Y.; Raabe, D.; Tasan, C.C. Metastable high-entropy dual-phase alloys overcome the strength–ductility

trade-off. Nature 2016, 534, 227–230. [CrossRef] [PubMed]
10. Deng, Y.; Tasan, C.; Pradeep, K.; Springer, H.; Kostka, A.; Raabe, D. Design of a twinning-induced plasticity high entropy alloy.

Acta Mater. 2015, 94, 124–133. [CrossRef]
11. Wei, D.; Li, X.; Jiang, J.; Heng, W.; Koizumi, Y.; Choi, W.-M.; Lee, B.-J.; Kim, H.S.; Kato, H.; Chiba, A. Novel Co-rich high

performance twinning-induced plasticity (TWIP) and transformation-induced plasticity (TRIP) high-entropy alloys. Scr. Mater.
2019, 165, 39–43. [CrossRef]

12. Wei, D.; Li, X.; Heng, W.; Koizumi, Y.; He, F.; Choi, W.-M.; Lee, B.-J.; Kim, H.S.; Kato, H.; Chiba, A. Novel Co-rich high entropy
alloys with superior tensile properties. Mater. Res. Lett. 2019, 7, 82–88. [CrossRef]

13. Kao, Y.-F.; Chen, T.-J.; Chen, S.-K.; Yeh, J.-W. Microstructure and mechanical property of as-cast, -homogenized, and -deformed
AlxCoCrFeNi (0 ≤ x ≤ 2) high-entropy alloys. J. Alloys Compd. 2009, 488, 57–64. [CrossRef]

14. Wang, W.-R.; Wang, W.-L.; Wang, S.-C.; Tsai, Y.-C.; Lai, C.-H.; Yeh, J.-W. Effects of Al addition on the microstructure and
mechanical property of AlxCoCrFeNi high-entropy alloys. Intermetallics 2012, 26, 44–51. [CrossRef]

15. Park, J.M.; Moon, J.; Bae, J.W.; Kim, D.H.; Jo, Y.H.; Lee, S.; Kim, H.S. Role of BCC phase on tensile behavior of dual-phase
Al0.5CoCrFeMnNi high-entropy alloy at cryogenic temperature. Mater. Sci. Eng. A 2019, 746, 443–447. [CrossRef]

16. Gangireddy, S.; Gwalani, B.; Soni, V.; Banerjee, R.; Mishra, R.S. Contrasting mechanical behavior in precipitation hardenable
AlxCoCrFeNi high entropy alloy microstructures: Single phase FCC vs. dual phase FCC-BCC. Mater. Sci. Eng. A 2019, 739,
158–166. [CrossRef]

17. Wu, S.; Xu, L.; Ma, X.; Jia, Y.; Mu, Y.; Wang, G.; Liu, C. Effect of annealing temperatures on microstructure and deformation
behavior of Al0.1CrFeCoNi high-entropy alloy. Mater. Sci. Eng. A 2021, 805, 140523. [CrossRef]

18. Nutor, R.K.; Cao, Q.; Wei, R.; Su, Q.; Du, G.; Wang, X.; Li, F.; Zhang, D.; Jiang, J.-Z. A dual-phase alloy with ultrahigh
strength-ductility synergy over a wide temperature range. Sci. Adv. 2021, 7, eabi4404. [CrossRef]

19. Liu, J.; Chen, C.; Xu, Y.; Wu, S.; Wang, G.; Wang, H.; Fang, Y.; Meng, L. Deformation twinning behaviors of the low stacking fault
energy high-entropy alloy: An in-situ TEM study. Scr. Mater. 2017, 137, 9–12. [CrossRef]

20. Xu, X.; Liu, P.; Tang, Z.; Hirata, A.; Song, S.; Nieh, T.; Liaw, P.; Liu, C.; Chen, M. Transmission electron microscopy characterization
of dislocation structure in a face-centered cubic high-entropy alloy Al0.1CoCrFeNi. Acta Mater. 2018, 144, 107–115. [CrossRef]

21. Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics. J. Comput. Phys. 1995, 117, 1–19. [CrossRef]
22. Babicheva, R.; Jarlöv, A.; Zheng, H.; Dmitriev, S.; Korznikova, E.; Nai, M.L.S.; Ramamurty, U.; Zhou, K. Effect of short-range

ordering and grain boundary segregation on shear deformation of CoCrFeNi high-entropy alloys with Al addition. Comput.
Mater. Sci. 2022, 215, 111762. [CrossRef]

23. Vu, T.-N.; Pham, V.-T.; Fang, T.-H. Influences of grain size, temperature, and strain rate on mechanical properties of Al0.3CoCrFeNi
high–entropy alloys. Mater. Sci. Eng. A 2022, 858, 144158. [CrossRef]

24. Farkas, D.; Caro, A. Model interatomic potentials for Fe–Ni–Cr–Co–Al high-entropy alloys. J. Mater. Res. 2020, 35, 3031–3040.
[CrossRef]

25. Zhao, Y.; Song, Q.; Ji, H.; Cai, W.; Liu, Z.; Cai, Y. Multi-scale modeling method for polycrystalline materials considering grain
boundary misorientation angle. Mater. Des. 2022, 221, 110998. [CrossRef]

26. Hoover, W.G. Constant-pressure equations of motion. Phys. Rev. A 1986, 34, 2499–2500. [CrossRef] [PubMed]
27. Nosé, S. A unified formulation of the constant temperature molecular dynamics methods. J. Chem. Phys. 1984, 81, 511–519.

[CrossRef]
28. Ritchie, R.O. The conflicts between strength and toughness. Nat. Mater. 2011, 10, 817–822. [CrossRef] [PubMed]
29. Madivala, M.; Schwedt, A.; Wong, S.L.; Roters, F.; Prahl, U.; Bleck, W. Temperature dependent strain hardening and fracture

behavior of TWIP steel. Int. J. Plast. 2018, 104, 80–103. [CrossRef]
30. Otto, F.; Dlouhý, A.; Somsen, C.; Bei, H.; Eggeler, G.; George, E.P. The influences of temperature and microstructure on the tensile

properties of a CoCrFeMnNi high-entropy alloy. Acta Mater. 2013, 61, 5743–5755. [CrossRef]
31. Diao, H.; Feng, R.; Dahmen, K.; Liaw, P. Fundamental deformation behavior in high-entropy alloys: An overview. Curr. Opin.

Solid State Mater. Sci. 2017, 21, 252–266. [CrossRef]
32. Li, W.; Liaw, P.K.; Gao, Y. Fracture resistance of high entropy alloys: A review. Intermetallics 2018, 99, 69–83. [CrossRef]
33. Christian, J.W.; Mahajan, S. Deformation twinning. Prog. Mater. Sci. 1995, 39, 1–157. [CrossRef]
34. Wu, S.W.; Wang, G.; Yi, J.; Jia, Y.D.; Hussain, I.; Zhai, Q.J.; Liaw, P.K. Strong grain-size effect on deformation twinning of an

Al0.1CoCrFeNi high-entropy alloy. Mater. Res. Lett. 2017, 5, 276–283. [CrossRef]

http://doi.org/10.1002/adem.202000466
http://doi.org/10.1126/science.1254581
http://www.ncbi.nlm.nih.gov/pubmed/25190791
http://doi.org/10.1038/s41578-019-0121-4
http://doi.org/10.1016/j.intermet.2017.10.004
http://doi.org/10.1016/j.actamat.2017.05.001
http://doi.org/10.1038/nature17981
http://www.ncbi.nlm.nih.gov/pubmed/27279217
http://doi.org/10.1016/j.actamat.2015.04.014
http://doi.org/10.1016/j.scriptamat.2019.02.018
http://doi.org/10.1080/21663831.2018.1553803
http://doi.org/10.1016/j.jallcom.2009.08.090
http://doi.org/10.1016/j.intermet.2012.03.005
http://doi.org/10.1016/j.msea.2019.01.041
http://doi.org/10.1016/j.msea.2018.10.021
http://doi.org/10.1016/j.msea.2020.140523
http://doi.org/10.1126/sciadv.abi4404
http://doi.org/10.1016/j.scriptamat.2017.05.001
http://doi.org/10.1016/j.actamat.2017.10.050
http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1016/j.commatsci.2022.111762
http://doi.org/10.1016/j.msea.2022.144158
http://doi.org/10.1557/jmr.2020.294
http://doi.org/10.1016/j.matdes.2022.110998
http://doi.org/10.1103/PhysRevA.34.2499
http://www.ncbi.nlm.nih.gov/pubmed/9897546
http://doi.org/10.1063/1.447334
http://doi.org/10.1038/nmat3115
http://www.ncbi.nlm.nih.gov/pubmed/22020005
http://doi.org/10.1016/j.ijplas.2018.02.001
http://doi.org/10.1016/j.actamat.2013.06.018
http://doi.org/10.1016/j.cossms.2017.08.003
http://doi.org/10.1016/j.intermet.2018.05.013
http://doi.org/10.1016/0079-6425(94)00007-7
http://doi.org/10.1080/21663831.2016.1257514


Materials 2023, 16, 1149 12 of 12

35. Sohn, S.S.; Hong, S.; Lee, J.; Suh, B.-C.; Kim, S.-K.; Lee, B.-J.; Kim, N.J.; Lee, S. Effects of Mn and Al contents on cryogenic-
temperature tensile and Charpy impact properties in four austenitic high-Mn steels. Acta Mater. 2015, 100, 39–52. [CrossRef]

36. Varvenne, C.; Luque, A.; Curtin, W.A. Theory of strengthening in fcc high entropy alloys. Acta Mater. 2016, 118, 164–176.
[CrossRef]

37. De Cooman, B.C.; Estrin, Y.; Kim, S.K. Twinning-induced plasticity (TWIP) steels. Acta Mater. 2018, 142, 283–362. [CrossRef]
38. Yan, J.-A.; Wang, C.-Y.; Wang, S.-Y. Generalized-stacking-fault energy and dislocation properties in bcc Fe: A first-principles study.

Phys. Rev. B 2004, 70, 174105. [CrossRef]
39. Sathiyamoorthi, P.; Asghari-Rad, P.; Park, J.M.; Moon, J.; Bae, J.W.; Zargaran, A.; Kim, H.S. Exceptional cryogenic strength-ductility

synergy in Al0.3CoCrNi medium-entropy alloy through heterogeneous grain structure and nano-scale precipitates. Mater. Sci.
Eng. A 2019, 766, 138372. [CrossRef]

40. Walsh, F.; Asta, M.; Ritchie, R.O. Magnetically driven short-range order can explain anomalous measurements in CrCoNi. Proc.
Natl. Acad. Sci. USA 2021, 118, e2020540118. [CrossRef]

41. Ding, J.; Yu, Q.; Asta, M.; Ritchie, R.O. Tunable stacking fault energies by tailoring local chemical order in CrCoNi medium-entropy
alloys. Proc. Natl. Acad. Sci. USA 2018, 115, 8919–8924. [CrossRef] [PubMed]

42. Wei, D.; Li, X.; Schönecker, S.; Jiang, J.; Choi, W.-M.; Lee, B.-J.; Kim, H.S.; Chiba, A.; Kato, H. Development of strong and ductile
metastable face-centered cubic single-phase high-entropy alloys. Acta Mater. 2019, 181, 318–330. [CrossRef]

43. Qiu, S.; Zhang, X.-C.; Zhou, J.; Cao, S.; Yu, H.; Hu, Q.-M.; Sun, Z. Influence of lattice distortion on stacking fault energies of
CoCrFeNi and Al-CoCrFeNi high entropy alloys. J. Alloys Compd. 2020, 846, 156321. [CrossRef]

44. Chen, X.-T.; Shao, L.; Fan, T.-W.; Duan, J.-M.; Tang, B.-Y. Investigation of aluminum concentration on stacking fault energies of
hexagonal close-packed high-entropy alloys Hf0.25Ti0.25Zr0.25Sc0.25−xAlx (x < 15%). J. Alloy. Compd. 2021, 887, 161412. [CrossRef]

45. Yang, T.; Zhao, Y.L.; Tong, Y.; Jiao, Z.B.; Wei, J.; Cai, J.X.; Han, X.D.; Chen, D.; Hu, A.; Kai, J.J.; et al. Multicomponent intermetallic
nanoparticles and superb mechanical behaviors of complex alloys. Science 2018, 362, 933–937. [CrossRef]

46. Idrissi, H.; Renard, K.; Ryelandt, L.; Schryvers, D.; Jacques, P. On the mechanism of twin formation in Fe–Mn–C TWIP steels. Acta
Mater. 2010, 58, 2464–2476. [CrossRef]

47. Remy, L. Kinetics of f.c.c. deformation twinning and its relationship to stress-strain behaviour. Acta Met. 1978, 26, 443–451.
[CrossRef]

48. Nutor, R.K.; Azeem, M.; Cao, Q.P.; Wang, X.D.; Zhang, D.X.; Jiang, J.-Z. Microstructure and properties of a Co-free
Fe50Mn27Ni10Cr13 high entropy alloy. J. Alloys Compd. 2021, 851, 156842. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.1016/j.actamat.2015.08.027
http://doi.org/10.1016/j.actamat.2016.07.040
http://doi.org/10.1016/j.actamat.2017.06.046
http://doi.org/10.1103/PhysRevB.70.174105
http://doi.org/10.1016/j.msea.2019.138372
http://doi.org/10.1073/pnas.2020540118
http://doi.org/10.1073/pnas.1808660115
http://www.ncbi.nlm.nih.gov/pubmed/30127034
http://doi.org/10.1016/j.actamat.2019.09.050
http://doi.org/10.1016/j.jallcom.2020.156321
http://doi.org/10.1016/j.jallcom.2021.161412
http://doi.org/10.1126/science.aas8815
http://doi.org/10.1016/j.actamat.2009.12.032
http://doi.org/10.1016/0001-6160(78)90170-0
http://doi.org/10.1016/j.jallcom.2020.156842

	Introduction 
	Materials and Methods 
	Experimental 
	Computational Simulations 

	Results 
	Starting Annealing Microstructures 
	Tensile Behaviors 
	Deformation Microstructures 

	Discussion 
	Conclusions 
	References

