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In order to efficiently explore the nearly infinite composition space in multicomponent solid solution
alloys for reaching higher mechanical performance, it is important to establish predictive design strate-
gies using computation-aided methods. Here, using ab initio calculations we systematically study the
effects of magnetism and chemical composition on the generalized stacking fault energy surface (-

surface) of Cr-Co-Ni medium entropy alloys and show that both chemistry and the coupled magnetic
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state strongly affect the y-surface, consequently, the primary deformation modes. The relations among
various stable and unstable stacking fault energies are revealed and discussed. The present findings are
useful for studying the deformation behaviors of Cr-Co-Ni alloys and facilitate a density functional the-
ory based design of transformation-induced plasticity and twinning-induced plasticity mechanisms in

© 2021 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science &

Technology. This is an open access article under the CC BY license (http://creativecommons.org/

licenses/by/4.0/).

1. Introduction

High entropy alloys (HEAs) were originally proposed by Yeh and
Cantor in 2004 [1,2] as equiatomic concentrated solid solutions,
which stabilize the single-phase structure through the maximized
configurational entropy. Based on this concept, many types of
single-phase HEAs have been successfully developed and some
of them have been demonstrated possessing excellent mechani-
cal properties, including equiatomic CrCoNi medium entropy alloy
(MEA) [3,4], CrFeCoN:i [5,6] and CrMnFeCoNi [2,7,8] HEAs. Recent
development in HEAs has lifted the restriction of entropy maxi-
mization in order to explore the vast composition space in these
multicomponent alloys. In particular, Li et al. [9] proposed the so-
called ‘metastability-engineering strategy’ in Cr-Mn-Fe-Co alloys
to optimize the mechanical performance, which represents one
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guideline of designing HEAs. The composition of the alloy was mod-
ified in order to trigger the transformation-induced plasticity (TRIP)
[9,10] or the twinning-induced plasticity (TWIP) effects [11,12].
This design concept combines the benefits from the massive solid
solution hardening in HEAs with the TRIP/TWIP effects. Following
this idea, they have designed TRIP or TWIP assisted single- and dual-
phase HEAs with intriguing mechanical properties in Cr-Mn-Fe-Co
alloys [9,12]. In fact, MEAs/HEAs such as CrCoNi and CrMnFeCoNi
are also strengthened by the TRIP and/or TWIP effects [3,4,7], the
maximized configuration entropy however does not play critical
roles on the mechanical performance. In particular, the CrCoNi MEA
exhibits extraordinary combination of high strength, high ductil-
ity and high fracture toughness [3,4], superior to CrMnFeCoNi and
any other investigated ternary or quaternary equiatomic variants.
More interestingly, the mechanical properties of these HEAs are fur-
ther improved at cryogenic temperatures, which are ascribed to the
enhanced TRIP/TWIP effects via the occurrence of twin + hexagonal
close packed (hcp)lamellar structure, partly due to the temperature
effect on the stacking fault energy (SFE) [4].

1005-0302/© 2021 Published by Elsevier Ltd on behalf of The editorial office of Journal of Materials Science & Technology. This is an open access article under the CC BY

license (http://creativecommons.org/licenses/by/4.0/).
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Table 1
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Calculated and experimental [6-68] SFEs for a series of ternary Cr-Co-Ni alloys at room temperature. The corresponding magnetic state as predicted in Fig. 1(a) is also listed.

Alloy Magnetic state e i Yo
Cri0CosgNiso FM -37 -17 34 [66]
CI‘mCOsQNi;o FM -50 -31 18 [66]
Cl'15C055Ni30 (T3) FM -55 —-49 16 [66]
Cr15CosoNiss (T4) M —45 -32 25[66]
Cl’]5C045Ni40 (TS) FM —-27 -15 37 [66]
Cl']5C04oNi45 (TG) FM -12 -5 46 [66]
Cl‘zoCOzoNiso PM 18 37 71 [66]
Cl’ng050Ni30 PM —45 —22 20 [66]
Cl'25C01QNi65 PM 15 35 71 [66]
Cl'25C030Ni45 PM -10 12 50 [66]
Cry5C040Niss PM -20 0.5 41 [66]
CI‘30C020Ni50 PM -18 35 43 [66]
Cl'30C04oNi3o PM -58 -23 11 [66]
CrCoNi PM —48 —24 18 [67],22 [68]
Cl’40C015Ni45 PM —-24 -9 30 [66]
Cl'40C03oNi3o PM -56 -37 13 [66]

The primary deformation modes in face-centered cubic (fcc)
metals and alloys, namely, martensitic phase transformation (MT),
twinning (TW), and dislocation slip (SL), depend strongly on the size
of the stacking fault energy (SFE) [13-15]. For the purpose of alloy
design, the correlation between the SFE and the deformation modes
offers a practical strategy through optimizing chemical composi-
tion and concentrations, providing that the SFE versus chemistry
and concentration relations are precisely established [15,16]. The
relationship between experimental SFE (y¢*P-) and the prevalent
deformation mode has been investigated experimentally in many
alloys including the medium/high-Mn TRIP/TWIP steels [15,16],
TWIP HEAs (CripMnggFe49Co19 and CrMnFeCoNi) [12,17] and TRIP
dual-phase HEAs (CrigMnsgFes9Co1g) [9,10]. However, the rela-
tionship based merely on experimental SFE and its dependence on
composition, especially when y¢*P- is small [18], has a very limited
predictive powder. Our recent reconsideration of the experimen-
tal methods for determining the SFE shows that y*P- is limited to
positive values and cannot reflect the real thermodynamic stabil-
ity of the fcc phase in metastable alloys like Co-rich Co-Ni alloys or
CrCoNi-based HEAs [19]. Today, a complete and precise database of
SFE in HEAs is still missing, particularly in multicomponent alloys
with complicated magnetic phase diagram. In literature, there are
a lot of activities focusing on developing non-equimolar HEAs
[9,12,20]. In the CrCoNi-based system, composition may change
from the Co-based alloys to Ni-based alloys, while keeping ran-
dom solid solution with close-packed structures [21]. Already in
this simple ternary case, there are nearly infinite ways to tune the
composition, but a quantitative parameter to guide alloy design is
still missing. Furthermore, depending on the nominal composition
and temperature, the ternary alloys can be ferromagnetic (FM) or
paramagnetic (PM). However, the influence of magnetic state on the
SFE (as well as the vy-surface) and the primary deformation mech-
anisms remains unclear. Previous theoretical studies mostly adopt
the nonmagnetic (NM) approximation for the PM state [22-24],
which totally neglects the effects of the local magnetic moments
[25] or use the spin-polarized calculations at 0 K[26] which produce
complicated magnetic configurations depending on local atomic
environments in the supercells.

Beyond the theoretical investigations focusing on nominal
compositions, there are studies suggesting that the chemical short-
range order (SRO) and local chemical fluctuation greatly affect
the SFE and the vy-surface, and thus the deformation behavior
and mechanical properties [27-30]. However, the precise role of
SRO or chemical fluctuation and to which extent they can be
tuned in the apparently random HEAs remains an open question
awaiting for more experimental evidence [31]. Recent experiments
demonstrated that after a solid-solution treatment the element
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distributions in the CrCoNi and CrMnFeCoNi alloys were rather
homogenous [7,32]. Additionally, when chemical fluctuations or
SROs are present and affect the SFE, e.g., accelerated by high-
temperature aging on purpose [30], one should also consider the
magnetic effect that couples with the local chemical environment
when studying the SFE, which are usually neglected in literature.

In the present work, we report a systematical ab initio study of
the chemical and magnetic state dependence of the y-surface of
the fcc CryCoyNiqgp-x-y (10 < x <45, 10 < y < 60, at.%) MEAs and
explore their influence on the primary deformation mechanisms.
We show the critical role played by magnetism on the y-surface.
The present findings will be useful for understanding how the
prevalent deformation mechanism changes with composition dur-
ing deformation and facilitate designing new TRIP or TWIP Cr-Co-Ni
alloys.

2. Computational methods

First-principles calculations were performed by using the
exact muffin-tin orbitals (EMTO) method based on density func-
tional theory (DFT) [33-35]. The EMTO method is an improved
screened Korringa-Kohn-Rostoker (KKR) method [36], where the
one-electron potentials are represented by large overlapping
muffin-tin potential spheres. Generalized gradient approximation
(GGA) parameterized by Perdew, Burke and Ernzerhof (PBE) was
used to treat the exchange-correlation density functional [37]. In
the self-consistent calculations, the one-electron equations were
solved within the soft-core scheme and scalar-relativistic approx-
imation. The Green’s function was calculated for 16 complex
energy points distributed exponentially on a semi-circular contour,
including states within 1Ry below the Fermi level. The basis sets
included s, p, d, and f orbitals. The Cr-3p®4s23d4, Co-3p®4s23d’,
Ni-3p%4s23d® were treated as valence states. The irreducible parts
of the Brillouin zones were sampled by uniformly distributed k-
points. The k-mesh was carefully tested and the 12 x 24 x 3 mesh
was adopted for all calculations.

The chemical disorder was described with the coherent poten-
tial approximation (CPA) as implemented in the EMTO method
[38]. CPA is an efficient and useful approach to treat the compo-
sitional and magnetic disorder in random solid-solution alloys. In
the present study, we considered both FM and PM states. The PM
state was simulated by the static disordered local moments (DLM)
model [39], and possible thermal spin fluctuations were neglected
[40]. Since we only considered temperature effects up to the room
temperature, in the free energy F(T,V) we included effects due to
thermal lattice expansion and magnetic entropy for the PM state
[35]. The electronic entropy and lattice vibrational terms were
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neglected as their contributions to energy were found small up to
the room temperature [25,41]. The equilibrium lattice parameters
at the PM and FM states were obtained from the Morse-type of
equation of state and the lattice parameters corresponding to tem-
perature T were derived by using the experimental thermal lattice
expansion coefficient of pure metals [42] in connection with rule of
mixture. Namely, we took a0y = 1/n2?ai, where n is the num-
ber of elements and «; the thermal lattice expansion coefficient of
elementi. According to the previous study [42], the calculated ther-
mal lattice expansion coefficients show a good agreement with the
experimental values for the MEAs around room temperature. For
the sake of comparison, the calculations for the PM and FM states
were carried out adopting the same thermal expansion coefficient.

The generalized stacking fault energy surface (GSFE, y-surface)
was determined by a rigid shift of one part of the fcc structure
along the 1/6 <11-2> direction in the {111} slip planes following
the method in Ref. [43]. The calculations were performed using a
supercell containing 12 fcc {111} layers with the stacking sequence
of ABCABCABCABC for the fcc structure. The intrinsic stacking fault

energy (ISF, yifscfc), unstable stacking fault energy (USF, yffscf) and

unstable twining fault energy (UTF, yﬂct';) were extracted from the
GSFE curve. The hexagonal close-packed (hcp) lattice was modeled

by a similar supercell corresponding to ABABABABABAB packing.

3. Results
3.1. Magnetic phase diagram of ternary Cr-Co-Ni alloys

Some Cr-Co-Ni-based HEAs exhibit excellent mechanical prop-
erties at cryogenic temperatures [3,44], which are related to the
underlying deformation mechanisms activated/enhanced at low
temperatures. Since magnetism is strongly temperature depen-
dent, first we estimate the magnetic phase diagram of ternary
Cr-Co-Ni alloys.

In binary Ni-Cr alloys, the magnetic transition temperature
(Curie temperature, Tc) decreases almost linearly from 627K for
pure Ni to zero for Cr concentration higher than ~13 at.% [45],
while in binary Ni-Co alloys, T increases linearly with Co addi-
tion [46]. This can be understood considering that Cr atoms prefer
antiferromagnetic coupling with each other and with Ni atoms,
and thus magnetic frustrations lead to the reduction of magnetic
moments and decreased T with increasing Cr concentration. On the
other hand, Co couples ferromagnetically with Ni, which causes the
increase in T, with Co addition.

The composition dependent T, can be estimated using the ab
initio exchange interactions in combination with Monte-Carlo sim-
ulations based on Heisenberg Hamiltonia. Alternatively, one can
make use of the mean-field approach, Tc =2/3(Epm — Erv)/Ks,
where Epy; — Epy is the total energy difference between the PM and
FM states calculated at the 0 K equilibrium state, and kg is the Boltz-
mann constant [47]. Similar approach was adopted for calculating
T. in other HEAs [48,49]. The obtained T, map as function of com-
position in ternary Cr-Co-Ni alloys is shown in Fig. 1(a). One finds
that T. decreases remarkably with increasing Cr and/or decreas-
ing Co concentrations, which is consistent with their effects in the
binary alloys. The rapid recession of ferromagnetism with increas-
ing Cr concentrations is due to magnetic frustration [32,50]. The
spins of Cr atoms prefer antiparallel alignment with neighboring
Cr, Co and Ni spins, which cannot be satisfied on a fcc lattice. Con-
sequently, both magnetic moments and T, decrease. In the low-Cr
and high-Co corner (x < 15, y > 27), T¢ is above room temperature
(RT), indicating the preferred FM state at ambient conditions. The
FM region extends towards the low-Co and low-Cr region when
decreasing temperature, e.g., at 77 K. It is worth to note that the
equiatomic CrCoNi MEA has a very low T. (<~30K), which is in
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line with the magnetic measurement showing no magnetic order
down to 2 K [32]. To further benchmark our T, results, we compare
the theoretical T, with the experimental values [50] for ternary
CrxCo(100-x)2Ni(100-x)2 (20 < x < 30) alloys in Fig. 1(b). It shows
that the present mean-field approach overestimates T. by < 50K at
high Cr concentrations. The deviationis related to the quantum crit-
ical behavior as discussed by Sales et al. [32,50] since these alloys
with high Cr concentrations are in the vicinity of the quantum crit-
ical region, which are not considered by the present DFT methods.
Additionally, the mean-field approach often leads to overestima-
tion of magnetic transition temperature [48,49]. Nevertheless, for
the purpose of the present work, such level of accuracy in T¢ is
acceptable.

3.2. Phase stability and stacking fault energy

In binary Ni-Co alloys, the experimental determined fcc/hcp
phase boundary at room temperature locates approximately at
~33 at.% Ni with wide a thermal hysteresis of the transformation
process [46]. In binary Ni-Cr alloys, high Cr concentration pro-
motes the formation of intermetallic 0 and body-centered cubic
(bcc) phases [51]. In binary Co-Cr alloys, maximum ~45 at.% Cr
can be dissolved in fcc Co at ~1500K [52]. For the ternary Cr-
Co-Ni alloys, the equilibrium phase diagram at high temperatures
is well documented [21], and the single fcc phase is likely to be
obtained for the composition range studied here at high temper-
atures. However, the equilibrium phase diagram at ambient and
cryogenic temperatures is not properly established, particularly for
the phase stability relevant to the TRIP effect, i.e., fcc (y) vs. bcc
(a) or fcc vs. hep (e) phases. Further, the martensitic transforma-
tions are strongly affected by hydronic pressure [53,54] or applied
stress [4,20], which cumbers experimental measurements for such
properties. For example, deformation induced martensitic transfor-
mation in binary Co-Ni alloys was demonstrated highly dependent
on the applied shear stress [13]. In CrCoNi-based HEAs, Zhang et al.
[53] and Tracy et al. [54] showed that under pressure equiatomic
CrMnFeCoNi can transform from fcc to hcp at room temperature
and similar observations were obtained for equiatomic CrCoNi and
CrFeCoNi [55].

In the following, we first assess the free energy differences
(Achc—bcc — Fbee _ pfec 3pd AFhcp—bee _ pbee _ FhCP)between theq,
y and ¢ phases at 300 K. We find that both AFfcc-bec and Aphep—bee
are positive for all compositions studied here, indicating that the «
phase is the least stable one. This is in line with previous experi-
mental studies that no « phase has yet been found in the Cr-Co-Ni
based MEAs and HEAs, which is different as compared to the Fe-Mn
TRIP steels [56]. Similarly, in the Co-rich alloys (e.g., Co-(14-30)Cr-
7.5Fe-7Mn-7.5Ni, at.%), the & phase was also found unstable by both
thermodynamic and ab initio calculations, which was further con-
firmed by experiments [57]. Thereby, for the purpose of studying
the deformation behavior of fcc ternary Cr-Co-Ni alloys, the « phase
is no further considered in the present work.

In order to explore the composition dependent driving force
for the structural transformation, we show the area-scaled free
energy difference (AFfc-he = Fhcp _ Ffec) petween the hep and

fcc phases, yf = 2AFfcc-hep /A, for both FM and PM states, in
Fig. 2(a) and (b), respectively. According to the thermodynamic
expression of the SFE [58], yfscfc = ygcc + 20, where ¢ is the fcc/hcp
interfacial energy in the magnitude of several mJ/m? [59], y(f)cc is
usually considered as the first order approximation of )/lfscfc and a
direct indicator of the thermodynamic stability of the fcc phase
with respect to the hcp one [60]. Therefore, negative ygcc means
that the ¢ phase is energetically more stable than the y phase. For
both magnetic states, y(ffc decreases with Co and Cr addition. Inter-
estingly, Cr is found to be a stronger hcp stabilizer than Co, despite
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Fig.1. (a) The composition dependent T in the ternary CryCoyNij_x-y (10 < x <45, 10 < y < 60) ternary alloys. The T. of 300 K and 77 K are marked as dash lines. The position
of the CrCoNi MEA is shown as a red star. (b) The calculated Tc with respect to Cr concentration in the ternary CrxCo1go-x)2Ni(100-x)2 (20 < x < 30) alloys (indicated by the

solid line in (a)), compared to the available experimental data [50].
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position corresponding to the CrCoNi MEA is indicated by a red star. Available experimental results in ternary alloys are from Refs. [13,65].

that pure Cris a B2 (bcc like) metal while Co is an hcp metal at ambi-
ent conditions. At room temperature, the y phase is stable in the
low-Co and low-Cr corner, and the € phase is stable in the high-Co
and high-Cr region. It is important to notice that for low Co con-
centration, the y/e phase boundaries (indicated by the solid line in
Fig. 2(a) and (b) at both FM and PM sates are similar; while for high
Co concentration, the boundary is shifted toward the high Cr direc-
tion at the PM state compared to that at the FM one, which may have
a similar magnetic origin as in pure Co [61,62]. The previous studies
showed that the ground state of Co is stabilized by magnetic order;
and that phonon entropy, spin fluctuations and reduced magneti-
zation all play important roles in the tendency to restore the fcc
structure at high temperatures [61,62]. Actually, magnetism has
been shown to strongly influence the phase stability in the Cr-Co-
Ni-based HEAs as well [63,64]. For instance, Niu et al. [63] showed
that the hcp phase of the CrCoNi MEA is more stable than the fcc one
at both magnetic and non-magnetic states; while for the CrMnFe-
CoNi HEA, spin-polarized calculations show that the magnetically
frustrated Mn atoms reduce the fcc-hcp energy difference, com-
pared to the hypothetical NM case. The present results and those
in the above references highlight the importance of magnetism in
studying the phase stability as well the deformation mechanisms
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in alloys composed of 3d magnetic elements, e.g. Cr, Mn, Fe, Co and
Ni.

The room-temperature ylf_ff maps are shown in Fig. 2(c) and
(d) for the FM and PM states, respectively. They correlate nicely
with the y(f)“ maps at the corresponding magnetic state (Fig. 3).
The deviation between ygcc and ylfscfc in fact indicates the interfacial
energy o. Moreover, the linear dependence between y{ and y;”
confirm that the present theory captures the right trend of the ther-
mal stability of the fcc phase in the ternary Cr-Co-Ni alloys. Using
the calculated data of ygcc and ylfscfc the interfacial energy o for the
present alloys is estimated to be in the range of 2-8.5 mJ/m? accord-
ing to o = (Y — yf) /2, which agrees well with the previous
theoretical values, e.g.,4-9 m]/m? for CrCoNi MEA and CrMnFeCoNi
HEA [69], 7.5-9 m]/m? for ternary Fe-Cr-Ni alloys [59]. It is worth
noting that in the present alloys, o is mostly positive, indicating
that it is possible to have small positive ylfscfc when the fcc struc-
ture is already thermodynamically unstable ()/[gCC < 0). We mention
that from structural point of view, o is the interfacial energy for
the coherent interface composed of close-packed fcc{111} and
hcp{0001} atomic planes, which is expected to be small and can
have positive or negative values [59].
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From Fig. 2, one can quantitatively calculate the chemistry
3y_fcc J/fv:c

isf’ 1sf

ey leco and

dependence of the SFE, e.g., ol at fixed Co or
fcc
le

Cr concentrations. For instance, at 10 at.%, the typical

fcc
isf

o e

and lec, at the FM state are calculated to be approximately

-2. Om]/m2 per at% Co and -2.4m]J/m? per at% Cr, respectively;
while at the PM state, they are -1.2 and -3.2 mJ/m?, respectively.
The present trends are in accordance with the previously reported
trends in both experimental and theoretical estimates [66,70-73].
Specifically, for the CrCoNi MEA, the calculated SFE is -24 mJ/m?
for the PM state and —29mJ/m? for the FM state, respectively.
These values are consistent with the previous theoretical results
at the fully random state, e.g., —18 mJ/m? [23], -24 mJ/m? [22] and
—43mJ/m? [27].

We mention here that one cannot directly compare the theoret-
ical SFE with the experimental values, e.g., 18 =4 m]/m? [67] and

Journal of Materials Science & Technology 80 (2021) 66-74

22 +4m]/m?2 [68]. The latter ones are usually determined from the
partial dislocation separations (d) [74] and they are restricted to be
positive as decided by the y;{" « ] relationship. Furthermore, in
metastable alloys, in response to external stress, dislocations are
easily separated into wide SF ribbons, even at very small strains
[75], and therefore, it is not a trivial task to measure the partial sepa-
rationd [70]. Smith etal.[76] measured the partial separation of the
a/2<110>{111} 60° mixed dislocations in the CrMnFeCoNi HEA
and found significantly large variations in d. Similarly, Qi et al. [77]
also reported that the width of the SF ribbon in 60° dislocations is
distributed in the range of 3.8-11.3 nm, resulting in a wide distribu-
tion of the experimental SFE, 15.5-46.2 m]/m? in Fe4;Mn3gCo1¢Crig
HEA. For more discussion regarding the experimental determina-
tion of the SFE, the readers are referred to Ref. [19].

One notices that for the equiatomic CrCoNi MEA, the yfcc val-
ues obtained at various magnetic states (NM [22,23], PM ancl FM in
the present work) do not differ significantly. This is likely because
the local PM moments for the CrCoNi MEA nearly vanish (Fig. 4).
At the FM state, the atomic magnetic moments obtained with the
current CPA for the treatment of solid solution agree well with the
previous supercell results. For example, Niu et al. [63] showed that
spin-polarized and non-spin-polarized supercell calculations result
in similar SFE for the CrCoNi MEA. The obtained atomic magnetic
moments show quite fluctuations influenced by the local chemical
environments, but the averaged values nice agree with the present
ones. This observation justifies the previously adopted NM approx-
imation for the PM CrCoNi MEA alloy at room temperature [22,23].
However, for the alloys with high-Co and low-Cr contents, yf“ dif-
fers significantly at different magnetic states, which is related tothe
large magnetic moments for the FM state, comparing to the almost
vanished ones for the PM state (Fig. 4). Additionally, in CrMnFeCoNi,
it was demonstrated that Mn causes strong magnetic frustration in
spin-polarized calculations, which eliminates the fcc-hcp energy
difference, compared to the NM case [63]. The above results empha-
size that the survived local magnetic moments play critical role in
determining thermodynamics of the alloys and should be carefully
considered in various alloys.

FM .

Co (at.%)

PM

-0.40

-0.80

-1.2

-1.6

Cr (at %

Fig. 4. The local magnetic moments (in units of ;) on various atoms for the FM (upper panel) and PM (lower panel) states. The position corresponding to the CrCoNi MEA

is indicated by a red star.
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3.3. Generalized stacking fault energy and universal relations

Fig. 2(e-h) shows the maps of ¥ and y{C for the two mag-
netic states. In contrast to the strong variations observed in the
case of yf<¢, yfc¢ shows a much weaker chemistry dependence. y/
decreases strongly with increasing Cr concentration, but barely
changes with Co addition for both magnetic states. In pure met-
als and binary alloys, previous studies showed that the calculated
GSFEs follow the universal scaling law [78,79], namely, ylictg ~ ylicscf +
1/2)/{5{. In Fig. 5, we analyze the FM and PM GSFEs in the same way
and show that the scaling law is also obeyed for both magnetic
states, indicating that such a relation is dominated by the struc-
tural characteristics of the stacking fault. We mention that when
segregation to staking fault (Suzuki effect) occurs such a relation is
not expected to hold [78].

The universal scaling law indicates that the energy barriers
for stacking fault and twinning nucleation are not independent
quantities In fact, the stable and unstable stacking fault ener-
gies, )/15“ and yfé% may also be correlated. In Fig. 6, we plot the

relationship between iS¢ and y{S¢/ ¢ for various alloy systems

isf
[13,43,78-83]. yi<¢ /yf¢ can be considered as a characteristic mate-

Yust

rial parameter [79]. Approximately, for each alloy systems, linear
correlation between ¢ and y{S¢/yf<¢ exists, which holds in both
stable and metastable systems w1th positive or negative stack-

ing fault energies. Theoretically, twinning nucleation and growth
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should be governed by the whole y-surface including the stable

formation energy (yf“) and the energy barriers ()/fcc and yﬂcé) [43].

For instance, Asaro and Suresh [84] proposed that the twinnabil-

ity of fcc materials can be measured by a parameter T, defined by
fcc

\/(3yfcc viss

is favored for T > 1, while dislocation slip for T < 1. Similarly, Jo
etal.[85] proposed another dimensionless parameter to classify the
prevalent deformation mechanisms, rq = yf<¢ /(yf¢ — pf¢), where
twinning is preferred for low ryq values. According to the revealed

relation between yfcc and lscfc/ylﬁcscf, those twinnability measures

can be simplified to be dependent on a single parameter yfcc Over-

all, the above relations among stable and unstable stackmg fault
energies rationalize the empirical correlation between the SFE and
the deformation modes, namely, twinning correlates with low SFE.

)/ yf“ They argued that deformation twinning

4. Discussion

The physical and mechanical behaviors of ternary Cr-Co-Ni
alloys possess strong chemical dependence [13,65], which stresses
the importance of computation-aided designing as proposed in the
present work. Based on the obtained composition and magnetism
dependent maps of SFE (Fig. 2), one may understand better the
composition dependent deformation behaviors in various ternary
Cr-Co-Ni alloys [13] and design new alloys with desired deforma-
tion mechanisms. In the following we use the equiatomic CrCoNi
MEA as areference alloy for discussing the composition-dependent
deformation mechanism in non-equiatomic TRIP/TWIP Cr-Co-Ni
MEAs.

4.1. FM high-Co low-Cr alloys

High-Co concentration leads to high T, and these alloys are
usually FM at room or cryogenic temperatures. As predicted in
Fig. 2(c), for a fixed Cr concentration, the primary deformation
mode changes from TW to deformation-induced martensitic trans-
formation (DIMT) with increasing Co concentration, which is in
perfect agreement with the observations made by Remy and Pineau
[13] in the ternary Cri5Co75.xNix (20 < x < 35, T3-T6 marked in
Fig. 2(c)) alloys. They further showed that decreasing tempera-
ture can induce the deformation mode transition from deformation
twins (DT) to DIMT. In fact, according to Fig. 2(c), the most effi-
cient way in tuning the SFE is changing Cr and Co concentrations
simultaneously.

Particularly, when following a route approximately along the
constant-SFE line in Fig. 2(c), it is predicted that the PM CrCoNi MEA
and the FM Cry5CosgNiss alloy (T4 alloy in Ref. [13]) should deform
in a similar way (similar SFE), which is indeed confirmed by exper-
iments [4,13]. Consequently, these two alloys possess very similar
tensile strength and ductility since they both deform by prevalent
twinning and their twinnabilities are predicted similar, as well as
the temperature dependence [4,6,13]. Furthermore, from Fig. 2(a)
and (c) we see that Cry5Co49Nigs (T6 alloy in Ref. [13]) is more sta-
ble than the reference CrCoNi MEA, and accordingly its twinnability
should be weaker. Indeed, it was observed that when Cry5Co49Nigs
is deformed at 300 Kand 77 K, twinning starts at around 30 % and 10
% strains, respectively; both are larger than the critical strains (12.9
%at300Kand 6.7 % at 77 K) in CrCoNi MEA [68]. Further notice that
Crq5Co55Nisq (T3, Tc =385 K [13]) has the best ductility among T3-
T6 alloys at room temperature but its ductility gradually decreases
with decreasing temperature. This is due to the fact that decreasing
temperature promotes the tendency of MT by decreasing the SFE,
and the increasing fraction of mechanically e-martensite deterio-
rates ductility. The above comparison between FM and PM alloys
may imply that magnetism affects the deformation mechanism and
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plastic properties in an indirect way, i.e., through its effects on
thermodynamic stability and SFEs.

4.2. PM low-Co high-Cr alloys

High-Cr and low-Co concentrations quickly decrease T, there-
fore these alloys are examined at the PM state (Fig. 2(d)). It is
important to observe that the constant yi‘;cfc line at the PM state dif-
fer notably from those at the FM one. As an example, for the same Ni
concentration, Cry9Co4pNigg, Cr3pCo3oNigg and CrgoCoyoNigg alloys
have different ylfscfc values, thereby different twinnability at the PM
state; while at the FM state they all have very similar ylfsffc values.
Future experiments are needed to study the mechanical properties
and deformation mechanisms in these alloys.

Yoshida et al. [65] studied the effect of Co content on the defor-
mation mechanism in Cr4gCo5¢Nigg, Cr39Co49Ni3g and CrygCogoNiyg
alloys. In CrggCoygNigg, tiny amount of e-martensite (0.4 %) was
observed in the fractured specimen, indicating the metastability of
the alloy. In Cr3gCo4oNisg, DT was the dominant deformation mech-
anism at early strains and e-martensite was observed at later stages
of deformation. e-martensite increases gradually from 0.9 % at 38
% strain to 11 % at fracture strain 53 %, accompanying with more
deformation twins. Both CrggCoygNigg and Cr3gCoyoNizg are PM at
room temperature. The above observations agree perfectly with the
present predictions in Fig. 2(b) and (d) showing that Cr3gCoy4oNizg
is less stable than CrgoCoy¢Nigg and both have negative ylfscfc and
y(f)cc. While in CrygCoggNiyg, the fraction of e-martensite quickly
increases to 43 % at fracture. Note that CrygCogoNiyg is FM at room
temperature (Fig. 1(a)). From Fig. 2(a) and (c), one can see that
this alloy is less stable than alloy T3-Cry5Cos5Nisg. Therefore, the
observed early formation of e-martensite in CrygCogoNiyg is con-
sistent with the previous results by Remy and Pineau [13], which
is also in nice agreement with our calculations. We emphasize that
PM SFE of CrygCogoNiyg (or NM result) in Fig. 3 would result in
misleading conclusions, compared to those for CrsgCoygNigg and
CI‘30CO40Ni30.

Additionally, at the high-Cr corner in Fig. 2(d), the SFE shows
week dependence on Cr content, which may give us more free-
dom to adjust the combination of yield strength and ductility.
For example, it was suggested that Cr atoms in the ternary Cr-
Co-Ni alloys lead to higher level of local lattice distortion and
thereby cause higher friction stress against dislocation movement
[86,87]. Therefore, it is speculated that increasing Cr concentra-
tion while maintaining the TWIP/TRIP effects through adjusting Co
concentration may lead to high yield strength and high ductility
simultaneously. Indeed, recently experiments show that compared
to the CrCoNi MEA, the Cr4gCo29Nigg or Crys5Niy7 5C057 5 alloys show
higher yield strengths while maintaining similar levels of ductility
[65,86,37].

4.3. PM high-Co high-Cr alloys

Since both Cr and Co additions decrease the stability of the
fcc solid solutions, the high-Co high-Cr alloys in this composition
region have even smaller ylfscfc and yg“ compared to the CrCoNi MEA.
Note that macroscopically the CrCoNi MEA deforms predominantly
by DT and shows the typical TWIP effect [68]. By simultaneously
increasing Co and Cr contents, the hcp phase quickly becomes more
stable than the fcc one and we expect more DIMT and therefore the
TRIP effect.

Furthermore, there may also exist the thermally induced hcp
phase, realizing the hcp+fcc dual-phase microstructure in the
as-quenched state when enough Co and Cr are added. As previ-
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ously demonstrated in the quaternary Cr-Mn-Fe-Co alloys, with
decreasing Mn concentration, i.e., decreasing the stability of the
fcc structure and the ylfscfc the microstructure changes from the
single fcc phase to the fcc+hcp dual-phase, which enables the
TRIP-assisted dual-phase design in the Cr{gMn3zgFes9Coq9 HEA[10].
In the binary Co-Cr alloys with 85-70 at.% Co the area fraction
of hcp in the quenched specimens was found more than 80 %
[57] and the martensitic start temperature (Ms) for the fcc—hcp
phase transformation is about 750—1000°C [88]; while in the
binary Co-Ni alloys, Ms quickly decreases below the room tem-
perature for the Ni concentration higher than ~30 at.% [46] and
the martensitic transformation is remarkably sluggish [89,90].
Therefore, further experiments are needed to find out at which
composition/temperature the thermally induced hcp martensite
occurs in the ternary alloys and its effect on the tensile properties. In
the quinary Cr-Mn-Fe-Co-Ni alloys, the hcp +fcc dual-phase struc-
ture has been successfully realized by increasing Co content and
reducing the concentrations of the austenite stabilizing elements,
e.g., Ni and Mn [57,91]. For example, starting from the CrMnFe-
CoNi HEA, Liu et al. [67] showed that increasing Co concentration
to more than 27 at.%, compensated by the reduction in Ni content,
leads to the occurrence of thermally induced hcp phase. Impor-
tantly, it results in a continuous improvement in both strength
and ductility with increasing Co content by enhancing the TWIP
effect and/or triggering the TRIP effect [67]. Similar design strat-
egy has been adopted by Wang et al. [57] and Wei et al. [91] in
this quinary HEA system, but with different concentration com-
binations, as well as in the quaternary Cr-Fe-Co-Ni alloys [92].
In principle, there are infinite ways to tailor the composition in
the multiple component alloys, but the thermodynamic driving
force should play a crucial role in affecting the fraction of the
thermally induced hcp phase fy,,. Wang et al. [57] argued that
in the quinary Cr-Mn-Fe-Co-Ni alloys, fi,, may be described by
the Johnson-Mehl-Avrami-Kolmogorov type of expression in ther-

modynamic calculations, fyep =1 —exp I<(%—?)n , where k and n

are fitting parameters, Dy, is the calculated driving force, which is
strongly related to y(‘;cc (or AFfec=hepy R is the gas constant and T is
the absolute temperature [57]. The above studies precisely empha-
size the pressing demand of the theoretical studies as presented in
the present work to save the experimental effort to seek for opti-
mized alloys with desired phases and strengthening mechanisms.

4.4. FM/PM low-Co low-Cr alloys

In this region, alloys have thermodynamically stable fcc phase
(v{cc > 0) due to the high content of Ni. Increasing the /<€ by
decreasing Cr and/or Co concentrations will suppress DT and weak-
ens the TWIP effect. Therefore alloys in this region will become akin
to the conventional Ni-based alloys.

5. Conclusions

Using ab initio alloy theory, we investigated the chemical and
magnetic effects on the y-surface of the ternary Cr-Co-Ni alloys. We
found that both Co and Cr additions lower the SFE and the fcc phase
stability. Particularly, the Co- and Cr-rich alloys, compared to the
well-studied equiatomic CrCoNi MEA, show even more negative
y(‘;“ and yi‘;cfc values, indicating that the hcp phase is energeti-
cally more favorable than the fcc one and that the tendency of the
occurrence of DIMT (or the TRIP effect) is promoted by simultane-
ously increasing Co and Cr concentrations. The present theoretical
predictions are consistent with the available experimental observa-
tions. Our results emphasize the critical role played by magnetism
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and show that the predicted deformation modes in Co-rich alloys
are sensitive to the magnetic state. The obtained composition and
magnetism dependent vy-surface enables us to better understand
the deformation behaviors in various ternary Cr-Co-Ni alloys and
facilitate future composition design/optimization of TRIP and TWIP
Cr-Co-Ni MEAs.
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