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Abstract

Alloying plays an important role in determining the phase stability and mechanical behavior of
medium/high-entropy alloys (M/HEAS). In this work, the effects of Al, Ti, Mo, and W additions
on the phase stability, strengthening behavior, and stacking fault energies of CoCrNi alloys are
quantitatively investigated by using first-principles calculations. Our results reveal that the Al, Ti,
and W additions enhance the structural stability of metastable face-centered cubic structures,
whereas Mo is in favor of the formation of hexagonal close-packed structures at low temperatures.
Through analyzing the elastic moduli and lattice mismatch based on a Labusch-type model, we
show that the solute strengthening effect decreases in the order W > Mo > Ti > Al. The
compositional dependence of intrinsic stacking fault energy (ISFE) and unstable stacking fault
energy (USFE) of CoCrNi MEASs was calculated, and the results indicate that the Al, Ti, Mo and
W additions significantly reduce the USFE, leading to a reduction in the energy barriers of
dislocation slips. The alloying effects on the deformation behaviors of CoCrNi MEAs are

discussed in terms of the ratio of ISFE to the energy barrier of dislocation slips. The present study
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not only sheds light on the fundamental understanding of phase stability and deformation
mechanisms of M/HEAs but also provides useful guidelines for the alloy design of advanced
M/HEAs with superior mechanical properties.

Keywords: medium-entropy alloy, alloying effect, phase stability, mechanical property,

deformation behavior, first-principles calculation.

1. Introduction

Medium/high-entropy alloys (M/HEAS) are loosely defined as simple solid-solution alloys
consisting of three or more principal elements, the concept of which evokes the vastness of
composition space to design novel alloys [1-4]. A family of face-centered cubic (fcc) HEAS
containing 3d transition metal elements, such as Co, Cr, Fe, Ni, and Mn, has attracted considerable
interest due to their unusually superior mechanical properties at low temperatures [5]. For instance,
the CoCrFeNiMn HEA exceeds the toughness of most pure metals and most metallic alloys and
has a strength comparable to that of structural ceramics [6,7]. Additionally, the CrCoNi ternary
MEA displays even better properties, approaching the best damage tolerance on record [8].
Experimental and theoretical studies have demonstrated that the superior mechanical properties of
the M/HEAs are related to the unique deformation mode involving the formation of intrinsic
stacking faults and deformation twins at low temperatures [9]. However, the yield strength of the
equiatomic fcc M/HEAs are relatively low, limiting their applications in structural engineering.
To achieve more desirable yield strength for engineering applications, strengthening of M/HEAs

IS necessary.



Alloying has been considered as an effective method to improve the mechanical properties of
M/HEAs [10-14]. Particularly, solute strengthening is of technological importance for fcc
M/HEAs. Solute additions can influence the elastic interaction between the local stress fields and
surrounding dislocations. Based on the model of elasticity, the elastic interaction can be simply
described by the lattice distortion and elastic modulus mismatch [15], which impedes the glide of
dislocations, resulting in a solute strengthening effect. A reduced model based on the Labusch's
approach was proposed by Varvenne et al. [16] to quantify solute strengthening of M/HEAS, which
agrees well with the experimental data for the CoCrNi-based alloys [17,18]. The results showed
that the solute strengthening effects in CoCrNi, CoCrFeNi and CoCrFeNiMn are several hundred
MPa at 0 K [19].

In addition, alloying also plays an important role in the deformation behaviors of fcc M/HEAs
[20]. The formation of high densities of stacking faults and deformation twins is considered as an
important mechanism to overcome the strength-ductility trade-off in the M/HEAs [11], which can
be controlled by tuning the stacking fault energy (SFE) [21]. In an fcc structure, the intrinsic
stacking faults (ISFs) can be created by the glide of a Shockley partial dislocation during
deformation, whereas the n-layer deformation twins can be obtained by shearing n successive
(111)-layers [22]. A high positive ISF energy (ISFE) leads to the easy motion of full-slip and
multiplication of the dislocations. A low ISFE tends to induce deformation twinning, whereas a
negative ISFE suggests that the ISFs are easy to form. For example, a high density of ISFs was

experimentally observed in a CoCrNi alloy at low temperatures [23], which is consistent with the



negative ISFE by using the first-principles calculations [24]. The SFE is known to be very sensitive
to alloying additions. For example, Laplanche et al. [25] reported that the ISFE of the CoCrNi
alloy increases with the addition of Fe, making the twinning stress to be reached at high plastic
strains; they also suggested that the later appeared nano-twinning in the CoCrFeNi alloy than in
the CoCrNi alloy is responsible for the reduced ultimate strength, ductility, and toughness at 77 K.
From the strengthening point of view, large atoms, such as Al, Ti, Mo, and W, would induce
large lattice distortions and hence are expected to provide effective strengthening effects in 3d
transition metal M/HEAs. In fact, in recent experimental studies large atoms have been shown to
significantly affect the mechanical properties of fcc M/HEAS, confirming their effectiveness in
improving the mechanical properties [26-29]. However, the fundamental mechanisms of the
alloying effects on the phase stability, strengthening, and deformation behavior are still elusive.
In this work, the effects of large atoms, including Al, Ti, Mo, and W, on the phase stability,
elastic properties, solute strengthening, SFE, and deformation behavior of CoCrNi-based MEAs
were systematically investigated by using first-principles calculations based on the density
functional theory. Specifically, the total energy of the fcc and hexagonal close-packed (hcp)
phases, lattice distortion, elastic properties, solute strengthening, and SFE of the CoCrNiMy (M =
Al, Ti, Mo, and W; x = 0 — 0.1) alloys were systematically calculated. The emphasis was placed
on the fundamental understanding of the alloying effects on the phase stability, strengthening, and

deformation mechanisms of fcc MEAs.



2. Methods

Based on the density functional theory, the exact muffin-tin orbitals (EMTO) method in
combination with the coherent potential approximation (CPA) was used for the self-consistent and
total energy calculations [30], which has been widely used for the investigations of structural
stability, mechanical properties, and SFE of M/HEAs [31,32]. The EMTO-CPA method uses a
mean-field type of averaging, which enables the description of M/HEAs in terms of an effective
medium matrix constructed in a way that it represents, on the average, the physical properties of
the alloys. The paramagnetic state was simulated by the disordered local moment (DLM) model
[33]. The exchange-correlation functional was carried out within the generalized gradient
approximation in the form of Perdew, Burke, and Ernzerhof (PBE) [34]. The Green’s function was
calculated by using 16 complex energy points on a semicircular contour including the valence
states. The basis set included the s, p, d, and f states. The k-points ranging from 3125 to 24389
were used to sample the irreducible wedge of Brillouin zone to ensure the accuracy of calculated
total energies within 102 mRy/atom.

The equilibrium volume and polycrystalline bulk modulus (B) were derived from an
exponential Morse-type function. By fitting the energies against the orthorhombic strain tensors,
the tetragonal shear modulus [(C11 - C12)/2] can be obtained. The C11 and C12 were then obtained
with the tetragonal shear modulus [(C11 - C12)/2] and bulk modulus [(C11 + 2C12)/3]. The elastic

constant of Css were evaluated by fitting the energies against the monoclinic strain tensors. The



polycrystalline elastic properties of shear modulus (G), Poisson’s ratio (v), and Young’s modulus

(E) can be given by
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where Gr and Gy are the Reuss and Voigt averages of the shear modulus, respectively.

The generalized SFE profiles for the <112> (111) slip system of fcc systems were
calculated by adopting a six-layer supercell. The schematic of planar fault path on (111) planes for
the ideal fcc structure, unstable stacking fault (USF), and ISF is shown in Fig. 1. For the details
about the formation of USF and ISF, we refer to Ref. [35]. The USF energy (USFE), yust, and ISFE,

yist, can be described by

Eusf _ E fcc
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where A is the area of the basal plane of supercell, E* is the total energy of the ideal fcc structure

(See Fig. 1a), and E*" and E™' are the total energies of USF (Fig. 1b) and ISF (Fig. 1c), respectively.



3. Results and discussion

3.1 Lattice parameters and phase stability

The lattice parameters of the CoCrNi-based alloys are shown in Fig. 2 as a function of the Al,
Ti, Mo, and W contents. The Wigner-Seitz (W-S) radius of CoCrNi is 2.604 Bohr, which is in
good agreement with the theoretical results (2.604 Bohr) at 0 K [36] and experimental data (2.606
Bohr) at 77 K [37], demonstrating a high reliability and accuracy of our calculated lattice
parameters. With the addition of Al, Ti, Mo, and W to the CoCrNi alloy, the W-S radius increases
significantly, reaching 2.626, 2.642, 2.657, and 2.668 Bohr for the alloys with 10 at.% Al, Ti, Mo,
and W, respectively. The larger lattice parameters of the CoCrNi-based alloys with the W and Mo
additions than those with the Ti and Al additions suggest that W and Mo changes the lattice
parameters more efficiently.

To characterize the effect of alloying additions on the phase stability, we studied the energy

difference among the hcp, fcc and bec phases. The energy difference (AE) at 0 K is described by

AE, E E
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where Enep, Efce, and Encc are the total energies of the hcp, fcc, and bce phases, respectively. For
comparison purpose, the energy difference of CoCrNi was used as a reference value. The energy

difference between the hcp and fcc phases (Encep- Efec) and between the bec and fcc phases (Epce-



Erc) of the CoCrNi-based alloys are shown in Fig. 3a and b, respectively, as a function of the Al,
Ti, Mo and W additions. The calculation results reveal that the energy difference between the bcc
and fcc phases is large positive (>0.02 eV), indicating that the bcc phase is far more unstable than
the fcc phase in the studied alloys. In contrast, the energy difference between the hcp and fcc
phases is slightly negative (<0.01 eV), indicating that the hcp phase is slightly more stable than
the fcc phase. In the following, we focus on the compositional dependence of stability between the
fcc and hep phases. The AE of CoCrNi is -0.0071 eV, indicating that the hcp phase is more stable
than the fcc phase at 0 K. Considering that the fcc phase, rather than the hcp phase, was
experimentally observed in the CoCrNi alloy at low temperatures [8], it generally considered that
the fcc phase is in a metastable state [38]. Similar phenomenon has also been reported in the
CoCrFeNiMn alloy [39].

With the Al additions, the AE increases from -0.0071 eV/atom for the CoCrNi alloy to -0.0054
eV/atom for the alloy with 4 at.% Al, to -0.0045 eV/atom for the alloy with 7 at.% Al, and to -
0.0039 eV/atom for the alloy with 10 at.% Al. These results indicate that Al acts as an fcc stabilizer
in the CoCrNi-based alloys at 0 K. In addition, adding Ti to the CoCrNi alloy also results in an
increase in the AE, suggesting that Ti also enhances the stability of the fcc phase. Adding W to the
CoCrNi alloy also increases the AE, but at a slow rate. On the contrary, alloying Mo results in a
decrease in the AE from -0.0071 eV/atom for the CoCrNi alloy to -0.0081 eV/atom for the alloy
with 4 at.% Mo and to -0.0089 eV/atom for the alloy with 10 at.% Mo, indicating that Mo acts as

an hcp stabilizer in the CoCrNi-based alloy at 0 K. These observations suggest that control of the



type and concentration of alloying elements is an effective technique to tailor the phase stability

of M/HEAs.
3.2 Elastic properties and solute strengthening

Generally, the lattice distortion and elastic modulus misfit contribute to the solute
strengthening of crystalline alloys. The lattice distortion can be determined by comparing a
distorted lattice and its ideal counterpart lattice containing atoms with an equivalent average
atomic volume, and the schematic model is displayed in Fig. 4. This model is based on the
approximation that each element can be seen as a “solute” embedded in the average effective
medium matrix of the surrounding environment. Based on this approximation, the equivalent
average atomic volume can be calculated, and then the difference between the atomic volume of
each solute and the equivalent average atomic volume can be determined. The lattice distortion
can thus be calculated by the sum of weighted squares of all the volume differences. This model
has an advantage over the existing models based on average atomic radius, because this model
does not require the reliability of Vegard's law by using empirical atomic radii of elements, nor
rely on the validity of an assumption that different elements crystallize into the same structure.

The effects of alloying additions on the lattice distortion (6) can be expressed as

N
5= C,AV,?, (10)

n=1



where Ch is the concentration of element n in the N-element alloy, and AV, describes the volume
difference between the alloys with and without alloying additions, which is given by
AV,?=(V, -V, ), (11)
where \/_N is the averaged volume per atom of the alloy, as summarized in Table 1, and V, is the
effective volume of element n in the N-element alloy. The volumes, including V1, V>...Vy, satisfy
Vy =XV, + XV, +..o+ XV, (12)
1=X+X, +...+X,, (13)
where X1, X2...Xn are the concentrations of elements in the N-element alloy. With input the volume
values as listed in Table 1, the effective volumes of Co, Cr, Ni, Al, Ti, Mo, and W in the CoCrNi-
based alloys were obtained and are summarized in Table 2. The calculated effective volumes of
Co, Cr, Ni, and Al are 69.0, 80.1, 73.0 and 92.8 Bohr®/atom, respectively, which are in good
agreement with the experimental results (75.0 Bohr®/atom for Co, 82.8 Bohr®/atom for Cr, 73.8
Bohr/atom for Ni, and 94.5 Bohr/atom for Al) [40, 41].

The predicted lattice distortions (o) of the CoCrNiMy alloys are shown in Table 1. It is evident
that CoCrNi has the smallest lattice distortion (6 = 21.1) among all the studied alloys. With the
alloying addition of Al, Ti, Mo, and W, the lattice distortion increases substantially. The lattice
distortion of the CoCrNi-based alloys is in the order 6((CoCrNi)o.9sWo.1) > 6((CoCrNi)osMo0o.1) >
0((CoCrNi)o.9Tio.1) > 6((CoCrNi)o.oAlo.1) > 6(CoCrNi). It is noted that the effective volume of W

(129.8 Bohr®/atom) is larger than that of Mo (120.7 Bohr3/atom), Ti (106.7 Bohr3/atom), and Al
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(92.8 Bohr®/atom), as shown in Table 2. Therefore, it is reasonable to believe that the alloying
element with a large effective volume induces a large lattice distortion.

To investigate the effects of alloying additions on the elastic properties, the elastic constants
of the CoCrNi-based alloys with different alloying additions were calculated, and the results are
summarized in Table 3. It is evident that the values of C11, C12 and Cas of the CoCrNi-based alloys
decrease with the Al, Ti, Mo, and W additions. The C11 varies from 296 GPa (CoCrNi) to 248 GPa
((CoCrNi)o.gTio.1). The decrease of Ci1 for (CoCrNi)osAlo1, (CoCrNi)ooTio.1, (CoCrNi)osMo0o.1,
and (CoCrNi)ooWo.1 are 36, 48, 28, and 30 GPa, respectively, demonstrating that Ti has a
significant effect in reducing C11. Alloying Ti also results in a significant decrease in Cas but has
little effect on Ci2.

On the basis of the calculated elastic constants, the elastic properties, including the shear
modulus (G), bulk modulus (B), Poisson's ratio, and Young's modulus (E), of the CoCrNi-based
alloys with different alloying additions were obtained, and the results are plotted in Fig. 5. The
calculated shear modulus of CoCrNi is 104 GPa, which is in good agreement with the calculated
value of 105 GPa at 0 K by Ge et al. [31] and extrapolated experimental data of 94 GPa by
Laplanche et al. [42]. Alloying Al, Ti, Mo, and W to the CoCrNi alloy results in a decrease in the
shear modulus, as shown in Fig. 5a. It is noted that the decrease of shear modulus by Ti is much
larger than that by Al, Mo, and W at the same concentration. The Young's modulus and bulk
modulus also decrease with the alloying addition of Al, Ti, Mo, and W, whereas the Poisson's ratio
shows an opposite trend.
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For the description of solute strengthening of fcc HEAs, Varvenne et al. [16] modified a
Labusch-type model, which has been applied with good quantitative success to HEAs. Based on
this model, the zero-temperature shear stress (zyo) of HEAs can be described by

1+v 2

Ty =Aa 3G( S s ]3 (14)

where b is the Burger’s vector (see Table 1), v is the Poisson's ratio, and A., a, and f are coefficients
(their values are 0.051, 0.06125, and 0.35, respectively) [16]. The shear stresses of the CoCrNi
alloys with different alloying additions are tabulated in Table 4. The calculated shear stress of
(CoCrNi)o.sWo.1 is 0.795 GPa, which is comparable to that of (CoCrNi)osMoo1 (0.650 GPa) but
much larger than that of (CoCrNi)o.oTio1 (0.393 GPa), (CoCrNi)o.oAlo1 (0.258 GPa), and CoCrNi
(0.170 GPa), indicating that the W and Mo additions remarkably enhance the shear stress of the
CoCrNi-based alloys.

The Taylor factor for fcc polycrystals is approximately 3.06 [16], so the yield stress of the

CoCrNi-based alloys (caioy) can be estimated by

Caiioy = 3067, (15)
The yield stress of the CoCrNi-based alloys is shown in Fig. 6 as a function of the Al, Ti, Mo, and
W additions. The calculated yield stress of CoCrNi is 0.519 GPa at 0 K, which is close to the
experimental value of 0.560 GPa at 77 K, as obtained by Laplanche et al. [25]. The yield stress of

the CoCrNi-based alloys increases almost linearly with the Al addition, which is in good agreement

with the experimental fitting results [40], indicating that our predictions are reliable. From Fig. 6,
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it is evident that the yield stress of the CoCrNi-based alloys increases with increasing contents of
Al, Ti, Mo, and W. In addition, the yield stress of the (CoCrNi)100-xMox and (CoCrNi)100-xWx alloys
is larger than that of the (CoCrNi)100-xAlx and (CoCrNi)100-xTix alloys at the same alloying content,

suggesting that Mo and W have a higher strengthening efficiency than Ti and Al in the fcc MEAs.

3.3 SFE and deformation behavior

The compositional dependence of USFE of the CoCrNi-based alloys are displayed in Fig. 7a.
The USFE of CoCrNi is 339 mJ/m?, which is close to the value of 313 mJ/m? calculated by Huang
et al [43]. Alloying Al, Ti, Mo, and W to the CoCrNi alloy results in a decrease in the USFE. In
particular, the USFEs of (CoCrNi)o.9Alo.1, (CoCrNi)o.oTio.1, (COCrNi)o.sMoo.1, and (CoCrNi)o.oWo.1
are 287, 247, 287, and 297 mJ/m?, respectively, indicating that Ti leads to a much larger decrease
in USFE than Al, Mo, and W.

The compositional dependences of ISFE of the CoCrNi-based alloys are illustrated in Fig. 7b.
The calculated ISFE of CoCrNi is -29 mJ/m? at 0 K, which agrees well with the reported data of -
26 mJ/m? by Huang et al. [43] and -24 mJ/m? by Yang et al. [44]. For fcc structures, ISFs can be
regarded as an hcp structure embedded in an fcc matrix. Thus, the strain-induced fcc-to-hcp
transformation is likely to form when the ISFE approaches to negative values. With addition of
Al the ISFE increases from -29 mJ/m? for the CoCrNi alloy to -19 mJ/m? for the (CoCrNi)o.96Alo.04
alloy and to -14 mJ/m? for the (CoCrNi)o.sAlo alloy. This trend is in consistent to that calculated

in the CoCrFeNi-Al and CoCrFeNiMn-Al alloys [35, 45], in which the ISFE increases with the Al
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content. In contrast, the ISFEs of the CoCrNi-based alloys decrease with increasing Mo content,
from -29 mJ/m? for the CoCrNi alloy to -38 mJ/m? for the (CoCrNi)o.9sM0o.04 alloy and to -48
mJ/m? for the (CoCrNi)osMoo1 alloy. The large negative ISFEs of the Mo-containing alloys
indicate that Mo promotes the formation of stacking faults in the CoCrNi-based alloys. On the
contrary, Ti and W have little effect on the ISFEs of the CoCrNi-based alloys.

The energy barrier for dislocation slips, which is defined as the energy difference between
USFE and ISFE (yust -yist), plays an important role in determining the mobility of a slip system. A
low slip energy barrier corresponds to a high dislocation mobility of the slip system. In this work,
we calculated the effects of the Al, Ti, Mo, and W additions on the slip energy barrier of the
CoCrNi-based alloys. The compositional dependences of the slip energy barrier of the CoCrNi-
based alloy are also summarized in Table 4. It is evident that alloying Al, Ti, Mo, and W to CoCrNi
results in a decrease in the slip energy barrier. In particular, Al and Ti lead to a larger decrease of
the slip energy barrier than Mo and W.

The dimensionless parameter (y4) proposed by Jo et al. [46] has been successfully used to
understand the deformation behavior of the CoCrNi-based MEAs [44] and CoCrFeNi-Al HEAS
[45] in previous studies. This parameter was used to quantify the effects of the Al, Ti, Mo, and W
additions on the deformation behavior of the CoCrNi-based alloys. The yq is defined as the ratio
of the ISFE (yist) to the slip energy barrier (yust-yist), which can be expressed by

Vist
Ya =

=_Tw (16)
Vst ~ Vist
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The negative values of yq represent that the ISFs are energetically favored to form. A full slip and
stacking faults can be combined when the yq is between -0.5 and 0, where only stacking faults
occur when the yq4 is below -0.5. The yq of the CoCrNi-based alloys is illustrated in Fig. 8 as a
function of alloying additions. The yq of CoCrNi is -0.079. With the Al additions, the yq increases
to -0.055 for the (CoCrNi)o.gsAlo.04 alloy and to -0.046 for the (CoCrNi)o.9Alo.1 alloy. These results
suggest that more dislocations would form in the CoCrNi-based MEAs with Al additions. In
contrast, Ti and W have very limited effects on the y4 when their mole fractions are varied from 0
to 10 at.%. Experimentally, a high density of dislocations with no deformation twins or stacking
faults was observed in a (CoCrNi)o.03Alo.04Tio.02Nbo.o1 alloy by Slone et al. [47], whereas a high
density of nanotwins and stacking faults was detected in a CoCrNi alloy by Laplanche et al. [25].
Thus, the predicted deformation behavior is consistent with the experimental findings. In addition,
it is interesting to note that Mo reduces the yq of the CoCrNi-based alloys, indicating that Mo would
enhance the formation of stacking faults. Recently, experimental observations confirmed that a
higher density of SFs is formed in a (CoCrNi)o.s7M0o.03 alloy as compared with a Mo-free alloy
during tensile deformation [48], which is in good agreement with our theoretical predictions.
Therefore, our calculations suggest that the Al and Mo additions result in a significant change in
the formation of stacking faults in the CoCrNi-based alloys, which would have an important impact
on the deformation behavior of these alloys. It should be pointed out that the CoCrNi-based alloys
are metastable; for these alloys, first-principles calculations predict negative SFE values, which
cannot be validated by the existing experimental methods, such as TEM analysis, because the

15



experimental methods for determining SFE presuppose that SFE is positive [49,50]. The
experimental validation of SFEs of metastable materials is still a challenging and unsolved
problem. In addition, the influence of local chemical and structural environments on the
deformation behavior was ignored in this work, since our calculations are focused on the
comparative study of the alloying effects of Al, Ti, Mo, and W. Several investigations indicate that
the M/HEAs possess complicated local environments, including chemical ordering and local
lattice distortions, which can influence the physical properties of M/HEAs [10,51]. Thus, it is
possible that the local environments induced by alloying additions may also play a role in the phase
stability, mechanical properties, and deformation behavior of M/HEAS, which, however, is out of

the scope of the present work; we will systematically investigate these issues in our future study.

4. Conclusions

The effects of the Al, Ti, Mo, and W additions on the phase stability, mechanical properties,
and deformation behavior of CoCrNi-based MEAs at low temperatures were systematically
studied by using the density functional theory implemented within the EMTO-CPA method. The
compositional dependence of phase stability was explored by comparing the total energies of the
bcc, fcc, and hep phases. The solute strengthening of alloying additions was evaluated in terms of
the lattice distortion and elastic property mismatch. Furthermore, the effects of alloying additions
on the SFEs of the CoCrNi-based alloys were calculated. The following conclusions can be drawn

from this study.
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1. The formation of hcp phase is more energetically favorable than the fcc phase in the CoCrNiMy
(M =Al, Ti, Mo, and W; x =0-0.1) alloys at 0 K. Mo acts as an hcp stabilizer in the CoCrNi-
based MEAs, whereas Al, Ti, and W improve the phase stability of the fcc phase.

2. The Al, Ti, Mo, and W additions influence the lattice distortion and elastic properties of the
MEAs, thereby affecting the solute strengthening effect. The lattice distortion of the CoCrNi-
based alloys is sensitive to the effective volume of the alloying elements. In particular, the
effective volumes of W and Mo is larger than those of Al and Ti, leading to a large lattice
distortion in the CoCrNi-based alloys. In addition, the reduction of elastic properties by Ti is
much larger than that by Al, Mo, and W. Based on the Labusch-type model, we show that the
strengthening effect of alloying elements decreases in the order W > Mo > Ti > Al, suggesting
that the lattice distortion factor dominates the strengthening effect of Al, Ti, Mo, and W in the
CoCrNi-based MEAs.

3. Alloying Al, Ti, Mo, and W to the CoCrNi alloy results in a decrease in the USFE. The ISFE
increases with the Al, Ti, and W additions but decreases with the Mo additions. The variations
of ISFE are lower than those of USFE, leading to a reduction of the slip energy barrier. By
using the dimensionless parameter defined as the ratio of the ISFE to slip energy barrier, our
calculations reveal that Mo enhances the formation of stacking faults, whereas Al favors the

occurrence of both dislocation slip and stacking faults.
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Figure Captions

Fig. 1. Schematic of planar fault path on (111) planes for the calculation of SFEs of the 6-layer
fcc structure, with (a) for the ideal fcc structure, (b) for the defective structure with a USF, and

(c) for the defective structure with an ISF.

Fig. 2. Theoretical Wigner-Seitz (W-S) radii of the CoCrNi-based alloys as a function of the Al,

Ti, Mo, and W contents.

Fig. 3. Theoretical energy differences (a) between the hcp and fcc phases (Encp - Efec) and (b)
between the bce and fcc phases (Ence - Efec) 0f the CoCrNi-based alloys as a function of the Al, Ti,

Mo and W contents.

Fig. 4. The schematic for random occupancy of atoms with different atomic volumes and lattice

of atoms with an equivalent average atomic volume.

Fig. 5. Elastic properties of the CoCrNi-based alloys as a function of alloying additions: (a) shear

modulus (G), (b) bulk modulus (B), (c) Poisson's ratio, and (d) Young's modulus (E).

Fig. 6. Calculated yield stresses of the CoCrNi-based alloys as a function of the Al, Ti, Mo and W

contents.

Fig. 7. (a) USFEs and (b) ISFEs of the CoCrNi-based alloys with different Al, Ti, Mo, and W

contents at 0 K.

Fig. 8. The yq4 of the CoCrNi-based alloys as a function of the Al, Ti, Mo and W contents.
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Table 1. W-S radii, Burger’s vectors (b), alloy volumes (V_N), and lattice distortions (0) of the

CoCrNi-based alloys with different Al, Ti, Mo, and W additions.

Composition W-S radius b Vy 0
(Bohr) (Bohr) (Bohr®/atom)
CoCrNi 2.604 4.712 74.0 21.1
(CoCrNi)o.osAlo.04 2.613 4.728 74.7 33.8
(CoCrNi)o.93Alo.07 2.619 4.739 75.2 42.6
(CoCrNi)o.sAlo1 2.626 4.751 75.9 50.7
(COCrNi)ogsTio.0a 2.619 4.739 75.2 61.3
(COCrNi)o.gsTi 007 2.631 4.760 76.3 89.1
(CoCrNi)osTio1 2.642 4.781 77.2 115.0
(CoCrNi)o.96M0o.04 2.626 4.751 75.9 104.0
(COCrNi)o.esM0o.07 2.642 4.780 77.2 161.6
(CoCrNi)o.sMo0o.1 2.657 4.808 78.6 215.2
(CoCrNi)o.96Wo.04 2.630 4.759 76.2 139.8
(CoCrNi)o.93Wo.07 2.649 4.793 77.9 222.2
(CoCrNi)o.9Wo.1 2.668 4.829 79.5 299.1
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Table 2. Effective volumes (Vn) of Co, Cr, Ni, Al, Ti, Mo, and W in the CoCrNi-based alloys in

unit of Bohr®/atom.

Co Cr Ni Al Ti Mo W

Vn 69.0 80.1 73.0 92.8 106.7 120.7 129.8
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Table 3. Elastic constants of the CoCrNi-based alloys with different Al, Ti, Mo, and W additions.

Composition Cu1 (GPa) C12 (GPa) Ca4 (GPa)
CoCrNi 296 202 176
(CoCrNi)o.9sAlo.04 282 198 170
(CoCrNi)o.93Alo.07 270 195 166
(CoCrNi)ogAlo1 260 192 161
(CoCrNi)o.ss Tio.0a 277 199 162
(CoCrNi)o.saTi 007 261 197 151
(CoCrNi)ooTi 01 248 196 142
(CoCrNi)o.96M0o.04 282 198 167
(CoCrNi)o.93Mo0g.07 274 198 161
(CoCrNi)o.9sMo0o.1 268 198 155
(CoCrNi)o.g6Wo.04 281 197 168
(CoCrNi)o.e3Wo.07 274 198 163
(CoCrNi)o.sWoa1 266 198 157
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Table 4. Predicted shear stresses and slip energy barriers of the CoCrNi-based alloys with different

Al, Ti, Mo, and W additions at 0 K.

Composition ty0 (GPa) Yust ~yist (MI/M?)
CoCrNi 0.170 367.93
(CoCrNi)ogsAloos 0.218 335.97
(CoCrNi)og3Alo o7 0.242 316.67
(CoCrNi)o.sAlos 0.258 300.89
(CoCrNi)oesTio.0s 0.311 330.47
(COCrNi)oesTi 007 0.363 301.50
(CoCrNi)osTi 01 0.393 272.21
(CoCrNi)o.96M00.04 0.450 355.34
(CoCrNi)o.93M0g.07 0.567 345.31
(CoCrNi)osMoo1 0.650 335.08
(CoCrNi)o.96Wo.04 0.545 354.02
(CoCrNi)o.93Wo.07 0.697 342.55
(CoCrNi)ooWos 0.795 329.86

35





