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a b s t r a c t

A new route to achieve high strength and high ductility compositions in the Cr-Co-Ni medium entropy alloys 
(MEAs) is proposed, by controlling the solid solution hardening parameter (Mean Square Atomic Displacement, 
MSAD) and twinning propensity parameter (Stacking Fault Energy, SFE), respectively. The MSAD is calculated to 
increase with the increase in the Cr content and with the increase in the Ni/Co ratio at high Cr concentrations, 
while the SFE is calculated to decrease with the increase in the Cr content and with the increase in the Co/Ni 
ratio at high Cr concentrations. In experiment, the strength at 0 K (derived from the temperature dependence of 
yield stress) increases as the Cr content increases and/or as the Ni content increases for a given high Cr content, 
so that a linear correlation is found between the yield strength at 0 K and MSAD. The SFE also decreases as the Cr 
content increases and as the Co content increases for a given high Cr content. However, while the tensile 
elongation increases with the decrease in SFE down to SFE values of 10–12 mJ/m2, it abruptly decreases once the 
SFE decreases below this value due to a change in major deformation mode from deformation twinning to 
deformation-induced ε-martensite transformation. Based on the established connection between the theoretical 
calculation and experimental measurement, outstanding combinations of strength and ductility are predicted 
and experimentally confirmed at high Cr compositions and at a bit Ni-rich side of the Co/Ni equi-composition 
line. The proposed composition (around 45Cr-20Co-35Ni) exhibits a greater 0 K strength and a superior 77 K 
tensile ductility by 32 % and 13 %, respectively, compared to those of the equiatomic Cr-Co-Ni alloy.
© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http:// 

creativecommons.org/licenses/by/4.0/).

1. Introduction

In recent years, there is a tremendous interest in high- and 
medium-entropy alloys (HEA and MEA) as a new class of alloy offering 
an excellent combination of high strength and high ductility. According 
to some systematic study under FCC (face-centered cubic) HEA in the 
Cr-Mn-Fe-Co-Ni system and MEAs in its subsystems, the high strength 
is believed to be related to severely distorted crystal lattice [1–9]. This 
might be due to the different atomic sizes of the constituent elements 
while the high ductility is attributed to the propensity of twinning (as 
well as ε-martensitic transformation) arising from the low stacking 
fault energies (SFEs) (in other words, the relative energy difference 
between FCC and HCP (hexagonal close-packed) phases) [10–15]. Many 
early studies on HEAs and MEAs were made on those alloys with 

equiatomic compositions (i.e., the equal fractions of the constituent 
elements). Of these equiatomic HEA and MEAs in the Cr-Mn-Fe-Co-Ni 
and its sub-systems, the Cr-Co-Ni MEA is known to exhibit the most 
excellent combination of high strength and high ductility [11,15–18]. 
Many recent studies are thus devoted to ternary Cr-Co-Ni MEAs rather 
than quinary Cr-Mn-Fe-Co-Ni HEAs, focusing on further improvement 
of strength and ductility through tuning the degree of short-range 
order [19–25], changing the chemical composition to deviate from the 
equiatomic to non-equiatomic ones [26–34] and so on. The approach to 
change the chemical composition to non-equiatomic ones seems rea-
sonable and promising as the degree of lattice distortion and the re-
lative stability of FCC and HCP phases would be largely varied in a wide 
FCC single-phase field in the Cr-Co-Ni ternary system.

However, it is not trivial to find out a proper composition range, 
where higher strength and higher ductility are simultaneously achieved, 
even though in the simplest ternary Cr-Co-Ni system. The trial-and- 
error type experiment approach suffers from a vast space of potential 
combinations of the constituent elements and is almost impossible to 
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reach the proper composition in a finite period. Indeed, experimental 
efforts by Yoshida et al. [28] failed to find out a composition range to 
achieve strength and ductility simultaneously, superior to those of the 
equiatomic Cr-Co-Ni MEA. A theoretical predication approach is then 
urgently required to guide a proper composition range from a vast space 
of potential combinations of the constituent elements. Unfortunately, 
very limited efforts can be found for Cr-Co-Ni alloy design based on 
computational prediction, and the verification of the predictive relia-
bility is not unambiguous. Coury et al. [26,27,34] utilized the solid so-
lution hardening models proposed by Toda-Caraballo et al. [35] and 
Varvenne et al. [36] to predict the yield strength and the relative phase 
stability between FCC and HCP (SFE) to tailor the tensile ductility. 
Nevertheless, these studies are a little bit of sporadic and confusing so 
that one may suspect the viability of achieving superior strength and 
ductility simultaneously by changing compositions. For example, while 
they founded a composition of 45Cr-27.5Co-27.5Ni as the strongest alloy 
only from two non-equiatomic counterparts [26], the optimization of 
tensile ductility was achieved by another composition of 40Cr-55Co-5Ni 
[27]. Yang et al. [32] calculated the shear modulus and SFE as the critical 
indicator for strength and tensile ductility of Cr-Co-Ni alloy system, 
respectively and proposed the optimal composition region in Cr-Co-Ni 
system as 30–35 at. % Cr, 60–67 at. % Co, and 0–6 at. % Ni. This prediction 
somehow remains doubtful due to the absence of a convincing corre-
lation between shear modulus and yield strength of FCC metals and 
alloys. In short, although the above studies have preliminarily explored 
the potential of theoretical predication-guided Cr-Co-Ni alloy design, it 
is still not easy to say which composition exhibits the best property at 
the moment and the bridge between the theoretical calculation and 
experiment is yet to be established.

In our previous work, we have proposed the mean square atomic 
displacement (MSAD) as the material parameter to quantify the 
lattice distortion and predict the yield strength of FCC HEA/MEAs of 
the Cr-Mn-Fe-Co-Ni system [1,8,9]. The MSAD parameter has been 
successfully used to design novel HEA/MEAs with superior strength 
[6,37–41]. In addition, the recent study on non-equiatomic Cr-Mn- 
Fe-Co-Ni HEAs has shown that the model based on MSAD parameter 
exhibits desire accuracy in predicting their strengths. On the other 
hand, the SFE has already been widely applied as a key factor to 
effectively deduce the proper composition for superior ductility by 
activating the twinning-induced plasticity (TWIP) and/or transfor-
mation-induced plasticity (TRIP) effect in FCC HEA/MEAs 
[9,11,27,30–32,34,38,42–46]. These results thus motivate us to adopt 
the MSAD and SFE as the predictive parameters aimed at superior 
strength and ductility in the Cr-Co-Ni alloy system.

To that end, in the present study, we utilize computational ap-
proach to make predictions on the strength and ductility in Cr-Co-Ni 
based alloys and make a systematic investigation in validating the 
predictive reliability by experimental work. The MSAD as well as the 
SFE values of non-equiatomic Cr-Co-Ni alloys with fcc single phase 
structures in the present study are theoretically calculated by den-
sity functional theory, and subsequently the mechanical properties 

of candidate compositions with higher MSAD and/or lower SFE va-
lues (preferred to superior strength and/or ductility, respectively) 
are investigated with polycrystal specimens. We discuss the corre-
lation between the calculated MSAD value and the strength (yield 
stress), and between the calculated SFE value and the ductility 
(elongation) based on experimental results. We propose a proper 
composition range in Cr-Co-Ni ternary system which is expected to 
exhibit simultaneous high strength and high ductility.

2. Methods and materials

2.1. Computational methods

Computations of MSAD and SFE values were carried out based on 
first-principles total energy calculations using the Vienna ab initio 
simulation package (VASP) [47,48]. Special quasirandom structure 
(SQSs) [49–51] were constructed by performing a simulated an-
nealing-based algorithm [52] to optimize the configurations by 
minimizing residuals of the correlation functions between config-
urations and the randomized state, from the first to sixth nearest 
neighbor pairs for bulk calculation of MSAD values, and the first to 
fourth nearest neighbor pairs for slab calculation of SFE values. 18 
and 12 correlation functions in total were taken into consideration, 
respectively. Finally, we constructed optimized SQSs containing 108 
atoms with a 3×3x3 expansion of FCC unit cell for MSAD calculation 
and those containing 216 atoms with 6-layer (111) close-packed 
atomic planes for SFE calculation, respectively. For the first-princi-
ples total energy calculation, the projector augmented wave (PAW) 
[53] method was employed within the generalized gradient ap-
proximation (GGA) parameterized by Perdew and Wang [54]. Bril-
louin-zone integration was performed using the Methfessel-Paxton 
method, using Monkhorst-Pack k-point meshes and a smearing 
parameter of 0.1 eV [55,56]. The cutoff energy of the plane wave was 
set to 450 eV in this work. Total energies were minimized until 

× eV1 10 5 between successive steps, while cell shape and cell vo-
lume were fixed with internal atomic positions relaxed until the 
residual forces became less than × eV1 10 /Å3 . For each alloy com-
position, we took the arithmetic mean value of calculation results 
from 12 input SQSs for the MSAD value and those from 6 input SQSs 
for the SFE value, respectively.

For MSAD computations, after relaxation, the theoretical lattice 
parameter corresponding to the minimized ground state total energy 
was calculated and the average MSAD values together with MSAD 
values for each of the constituent elements were derived.

For SFE computations, the correlation functions near the stacking 
fault interfaces were intendedly checked during the optimization 
process to ensure the randomness near interfaces. A vacuum layer 
with thickness of 1.2 nm was introduced between stacking se-
quences to ensure the 2D periodic boundary condition (PBC) and 
reduce interactions between slabs. Then, an intrinsic stacking fault 
was introduced to SQSs by shifting the top 3 layers with respect to 

Table 1 
Averaged VEC, theoretically calculated MSAD and SFE and experimentally determined SFE of nine different non-equiatomic and equiatomic Cr-Co-Ni ternary alloys. 

VEC MSAD (pm2) isf (mJ m/ 2) SFEexp (mJ m/ 2) Microstructure after cold rolling Microstructure after recrystallization

50Cr-10Co-40Ni 7.9 89.07 -35.85 (−49.60 ∼ −19.85) - - fcc+bcc (Not Good)
50Cr-15Co-35Ni 7.85 81.64 -50.60 (−74.14 ∼ −29.78) - - fcc+bcc (Not Good)
45Cr-15Co-40Ni 8.05 56.56 -0.29 (−26.29 ∼ 31.20) 21.5 fcc fcc
45Cr-20Co-35Ni 8 51.63 -79.84 (−105.75 ∼ −43.25) 15 fcc fcc
45Cr-25Co-30Ni 7.95 49.52 -140.00 (−160.27 ∼ −126.36) 10 fcc+hcp fcc
40Cr-20Co-40Ni 8.2 40.46 -61.49 (−95.58 ∼ −18.16) - fcc fcc
40Cr-25Co-35Ni 8.15 37.14 -70.33 (−90.50 ∼ −55.74) - fcc fcc
40Cr-40Co-20Ni 8 35.53 -151.87 (−155.08 ∼ −150.16) - fcc+hcp fcc
40Cr-50Co-10Ni 7.9 34.83 -130.07 (−153.31 ∼ −111.50) - fcc+hcp fcc+hcp (Not Good)
33Cr-33Co-33Ni 8.33 28.56 -57.22 (−84.85 ∼ −30.55) 14[23] fcc fcc
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the bottom 3 layers by the Burgers vector (bs =a/6  < 112̄ > where a 
is the lattice parameter) of the Shockley partial dislocation. 
Geometrical relaxation was applied to the layers near the interface 
with the same lattice parameters obtained in MSAD calculations. The 
SFE value was then derived as the residual energy between two cells 
normalized to the area of the stacking fault.

2.2. Experimental methods

Nine different Cr-Co-Ni alloys with non-equiatomic compositions 
as listed in Table 1 as well as the equiatomic Cr-Co-Ni alloy were 
prepared by arc-melting high-purity (> 99.9 %) Cr, Co, and Ni in an Ar 
atmosphere. These non-equiatomic compositions were selected 
based on the calculation results of MSAD and SFE values. Arc-melted 
ingots were homogenized at 1473 K for 168 h, followed by water- 
quenching. The alloys were cold-rolled to 40 % reduction in thickness 
and annealed at 1473 K for 15 min to obtain fully recrystallized 
structures. Microstructures for these alloys are listed in Table 1. 
Mechanical tests are not conducted for those alloys without a FCC 
single phase structure after the recrystallization process, that is, 
50Cr-10Co-40Ni, 50Cr-15Co-35Ni and 40Cr-50Co-10Ni alloys. The 
remained six alloys exhibit the desired FCC single phase structure 
and have similar grain sizes in the range of 70–85 µm (Table 2) as 
measured by the (linear) intercept method (without counting an-
nealing twin boundaries), except for 45Cr-25Co-30Ni and 40Cr- 
40Co-20Ni alloys. These latter two alloys exhibit a smaller grain size 
of 50–55 µm, the reason for which will be described later in Section 
3.2.1. Specimens for tensile and compression tests with a gauge di-
mension of 2×2x5 mm3 were prepared by electrical discharge ma-
chining. The specimen surface was mechanically and then 
electrolytically polished in a solution of 1:4 nitric acid and methanol 
by volume prior to mechanical testing. Compression tests were 
conducted on an Instron-type testing machine in the low tempera-
ture range from 10 K to room temperature at an initial strain rate of 
1 × 10−4 s−1 to deduce the temperature dependence of yield stress, 
that is, the strength property. Tensile tests were also conducted on 
an Instron-type testing machine at an initial strain rate of 1 × 10−4 s−1 

to observe the stress-strain behavior up to failure, that is, the duc-
tility property. Unlike the compression tests, tensile properties were 
only investigated at two selected temperatures: the room tem-
perature and 77 K (by immersing specimen in liquid nitrogen) due to 
the instrumental restriction. Mechanical tests for each condition 
were independently repeated by at least 3 specimens to reduce the 
experimental uncertainties. Details of the tensile tests are described 
in the supplementary material S1. After deformation, the specimen 
surface was again mechanically and electrolytically polished in the 
solution of nitric acid and methanol (1:4 by volume). Micro-
structures before and after deformation were examined by optical 
microscopy (OM) and scanning electron microscope (SEM) equipped 
with electron back-scatter diffraction (EBSD) and energy-dispersive 
X-ray spectroscopy (EDS) systems. Thin foils parallel to (111) slip 
planes were prepared by electro-polishing with a solution of nitric 
acid and methanol (1:2:7 by volume). Dislocation structures were 
examined by transmission electron microscopy (TEM) with a JEOL 
JEM-2000FX electron microscope operated at 200 kV.

3. Results

3.1. MSAD and SFE calculations

MSAD and SFE values calculated for some selected chemical 
compositions are depicted in Fig. 1(a) and (b), respectively, in the 
form of contour plots on the corresponding ternary phase diagram. 
The dotted line in the phase diagram indicates the boundary of the 
FCC single-phase field computationally determined at 1200 °C [57]. 
The calculated MSAD and SFE values are listed in Table 1 for some Ta
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selected chemical compositions. As SFEs depend on the SQS em-
ployed, the range of SFEs is tabulated in Table 1 together with the 
averaged values. As expected, the MSAD value tends to increase with 
the increase in the Cr content, but the MSAD increase does not occur 

symmetrically with respect to the Co/Ni equi-composition line, 
especially at the higher Cr compositions. This leads to the maximum 
of MSAD occurring on the Ni-rich side of the Co/Ni equi-composition 
line for high Cr compositions, such as 45Cr-20Co-35Ni. The 

Fig. 1. Contour plots of (a) MSAD and (b) SFE values theoretically-calculated as a function of composition in the Cr-Co-Ni ternary system. 
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maximum strength is predicted to occur in the vicinity of such 
compositions on the assumption that the MSAD value correlates 
positively with the strength (at 0 K) [1,5,8,9]. This is a bit different 
from the strength prediction based on atomic size misfit by Coury 
et al. [26] who predicted the maximum strength occurs on the Co- 
rich rich side of the Co/Ni equi-composition line at the high Cr 
compositions.

As reported frequently in many previous papers, the SFE is ne-
gative for alloys with Cr contents of more than 30 % [17,20,58–60]. 

The SFE value tends to decrease with the increase in the Cr content 
with a more significant decrease occurring on the Co-rich rich side of 
the Co/Ni equi-composition line. This leads to the minimum of SFE 
occurring on the Co-rich side of the Co/Ni equi-composition line at 
high Cr compositions, such as 40Cr-40Co-20Ni. This is qualitatively 
consistent with the experimental result by Köster et al. [61] and the 
regression analysis by Bertoli et al. [62]. The calculated negative SFE 
represents a relative instability of the FCC phase that the HCP type 
(…abab…) stacking sequence is expected as more stable than that of 
the FCC type (…abca…) at 0 K. Although the physical meaning of the 
absolute value of the negative SFE is not clear, this value is able to be 
used as an index to predict the actual SFE, as reported by Ritchie 
et al. [20]. Indeed, a linear correlation between the calculated and 
experimental measured SFE values is confirmed in the present study, 
as shown in Section 3.2.4. In short, these calculations predict that the 
higher Cr (more than 40 %) is mandatory for high strength and high 
ductility and that at such high Cr contents, Ni-rich compositions are 
preferred for higher strength and Co-rich compositions for higher 
ductility.

The calculated MSAD and SFE values are plotted in Fig. 2(a) and 
(b), respectively, as a function of averaged valence electron con-
centration (VEC) of the relevant alloys. Symbols in the plots are 
changed depending on the Cr content, and for a given Cr content, 
alloys of higher Co/Ni ratios are plotted at lower VEC values. Al-
though the scatter is not small (the quality of fit R2 =0.669 and 0.650 
respectively for Fig. 2(a) and (b)), the VEC value seems to be an 
appropriate scaling factor for both MSAD and SFE values for Cr-Co-Ni 
system. It is important to note, however, that the scaling of MSAD 
with VEC provides only a rough estimate, especially at high Cr 
contents. As seen in Fig. 2(a), the MSAD-VEC trend at a given high Cr 
content (such as 45Cr) is simply opposite to the overall MSAD-VEC 
trend. The scaling of SFE with VEC does not suffer from such a 
problem as seen in Fig. 2(b). Although SFE of binary Cu- and Ag- 
alloys is known to be negatively correlated with the electron con-
centration (the so-called e/a ratio) [63], a positive SFE-VEC correla-
tion is roughly obtained in the present Cr-Co-Ni alloy system. Bertoli 
et al. [34] made a regression analysis for SFE of 30 experimental 
measurements and proposed a regression equation to express the 
SFE of the alloys in the Cr-Co-Ni system with chemical compositions 
(the atomic fractions of Cr (XCr) and Co (..)), as follows,

= + +X X X X X X

SFE(mJ/m )

248 835 323 682 39 777Cr Co Cr Co Cr Co

2

2 2 (1) 

Unlike in DFT calculations, the SFE estimated with the regression 
Eq. (1) will never be negative, as experimentally determined SFE 
values (mostly by TEM observations at room temperature), from 
which the regression analysis was made, are always positive. How-
ever, there is a nice positive correlation between the SFEs estimated 
with (1) and those calculated in the present study, as shown in Fig. 3, 
indicating the effectiveness of DFT-calculated SFEs in the prediction 
of mechanical properties of MEAs in the Cr-Co-Ni system.

3.2. Deformation in tension and compression

3.2.1. Microstructure before mechanical testing
Based on the calculation results of MSAD and SFE, we prepared 

some non-equiatomic Cr-Co-Ni alloys (50Cr, 45Cr and 40 Cr series) 
together with the equiatomic alloy as shown in Tables 1 and 2. Ex-
cept for 45Cr-25Co-30Ni and 40Cr-40Co-20Ni alloys, all 45Cr and 
40Cr series are confirmed to exhibit a FCC single-phase micro-
structure (no secondary precipitated phase in grains or on grain 
boundaries) with similar grain sizes in the range of 70–85 µm 
(Table 2) after recrystallization at 1473 K (Fig. 4). The grain sizes of 
most alloys used in the present study are a bit larger than those 
(30–50 µm) usually used by other researchers [26,27,33,34]. 

Fig. 2. Theoretically-calculated (a) MSAD and (b) SFE values of Cr-Co-Ni ternary alloys 
plotted as a function of VEC.

Fig. 3. SFE of Cr-Co-Ni ternary alloys deduced by regression analysis by Bertoli et al. 
[34] plotted as a function of SFE theoretically-calculated in the present study.
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Fig. 4. Orientation Maps of (a) 40Cr-20Co-40Ni, (b) 40Cr-25Co-35Cr, (c) 40Cr-40Co-20Cr, (d) 45Cr-15Co-40Ni, (e) 45Cr-20Co-35Ni and (f) 45Cr-25Co-30Ni alloys after cold-rolling 
to 40 % reduction and subsequent annealing at 1473 K for 15 min.

Fig. 5. Phase (FCC and HCP) maps (a)-(c) after cold-rolling to 40 % reduction and (d)-(f) after subsequent annealing at 1473 K for 15 min for (a), (d) 40Cr-20Co-40 Ni, (b), (e) 40Cr- 
40Co-20Ni and (c), (f) 40Cr-50Co-10Ni alloys.

Z. Wang, L. Li, Z. Chen et al. Journal of Alloys and Compounds 959 (2023) 170555

6



Consequently, the yield strengths obtained in the present study are 
expected to be lower than those obtained by other researchers for 
alloys of the same chemistry in view of grain boundary strength-
ening. The 45Cr-25Co-30Ni and 40Cr-40Co-20Ni alloys exhibit a 
smaller grain size of 50–55 µm. This is in essence because of the 
introduction of deformation-induced HCP laths during cold-rolling, 
as we confirmed that the microstructure of these two alloys before 
cold rolling is of the fcc single phase by EBSD and XRD analyses 
(Fig. 5(b) and S2). As the 45Cr-25Co-30Ni and 40Cr-40Co-20Ni alloys 
exhibit essentially a FCC single-phase microstructure after re-
crystallization at 1473 K, they were subjected to further character-
ization of mechanical properties. However, the 40Cr-50Co-10Ni alloy 

exhibits a FCC+HCP two-phase microstructure not only after cold- 
rolling (Fig. 5(c)) but also after recrystallization at 1473 K (Fig. 5(f)) 
Thus, the mechanical properties of this alloy were not determined. 
Moreover, Cr-rich precipitates with BCC structure are confirmed in 
high-Cr components (50Cr series), 50Cr-10Co-40Ni and 50Cr-15Co- 
35Ni alloys. These two alloys are hence also not supplied to further 
investigations.

3.2.2. Yield strength at 0 K
Fig. 6(a) shows yield stresses (defined as 0.2 % offset stress) 

plotted as a function of temperature obtained in compression for 
three different non-equiatomic alloys of the 45 Cr series and for the 

Fig. 6. Strength properties of investigated alloys. (a) Temperature dependence of yield stress for three alloys of the 45Cr series and the equiatomic Cr-Co-Ni alloys obtained in 
compression and (b) the extrapolated 0 K yield stresses (normalized to their shear moduli) plotted as a function of square root of MSAD (normalized to the Burgers vector). For 
comparison, similar plots are made also for the yield stress obtained in tension at 77 K and room temperature.
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equiatomic alloy. All alloys exhibit a significant temperature de-
pendence of yield stress below room temperature. It is important to 
note that the extent of the temperature dependence of yield stress 
varies from alloy to alloy. For example, while three alloys of the 45 Cr 
series (45Cr-15Co-40Ni, 45Cr-20Co-35Ni and 45Cr-25Co-30Ni) ex-
hibit similar yield stresses at room temperature, the 45Cr-25Co-30Ni 
alloy yields a smaller yield stress at lower temperatures. This in-
dicates that the room-temperature yield stress cannot be a re-
presentative value of strength predicted by computational methods. 
For all alloys, the temperature dependence of yield stress becomes 
less significant below 77 K because of dislocation inertial effect, re-
sulting in a dulling of the increase or even the decrease of the yield 
stress with the decreasing temperature. The inertial effect leads to a 
deviation of the thermal activated process of solid solution hard-
ening and is supposed to be ignored when fitting the temperature 
dependence of yield stress [15]. The values of yield strength extra-
polated to 0 K are then deduced by fitting their temperature de-
pendencies above 77 K with an exponential function in the form of 

= +T T C( ) exp( / )Y athermal thermal , where T is the absolute tem-
perature and C is a fitting parameter. The values of yield strength at 
0 K deduced in such a way are tabulated in Table 2 and are plotted in 
Fig. 6(b) as a function of MSAD calculated in the present study. In 
Fig. 6(b), the yield strength at 0 K (σY (0 K)) and MSAD are normal-
ized to the shear modulus (μ) and Burgers vector ((b=a/ 2 ), re-
spectively. The shear modulus was estimated on the basis of 
Vegard’s law with μ = 115, 76 and 76 GPa for Cr, Co and Ni, and the 
lattice constants were obtained by the DFT calculation as described 
in Section 2. A linear correlation is obviously observed in Fig. 6(b) 
between the yield strength at 0 K and MSAD. This clearly indicates 
that the MSAD value can be used to predict the strength of non- 
equiatomic alloys in the Cr-Co-Ni system, as in many quinary, qua-
ternary and ternary equiatomic HEA and MEAs [1,8]. One point to 
note is that the strength at 0 K increases as the Ni content increases 
for the given 45Cr content. This is completely opposite to what is 
predicted for strength (the strength increases with the Co content) 
by Yoshida et al. [28].

Fig. 7. Engineering strain-stress curves for (a), (c) alloys of the 45Cr series and (b), (d) those of the 40Cr series obtained at (a), (b) room temperature and (c), (d) 77 K. 
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3.2.3. Tensile deformation behavior at 77 K and room temperature
Engineering stress-strain curves obtained in tension at 77 K and 

room temperature for non-equiatomic Cr-Co-Ni alloys (45Cr and 
40Cr series) and the equiatomic alloy are shown in Fig. 7. Values of 
yield stress, ultimate tensile strength (UTS) and elongation at failure 
are tabulated in Table 2. The yield stress values deduced from the 
tensile test are well consistent to those deduced from the com-
pression test, indicating no tension-compression asymmetry on the 
strength property. At room temperature, while the increase in yield 
stress for three alloys of the 40Cr series is not significant (by about 
6–7 %) when compared to the equiatomic alloy, it is as high as 25–30 
% for three alloys of the 45Cr series. At 77 K, all alloys of the 40Cr and 
45Cr series exhibit significant increase in yield stress when com-
pared to the corresponding values at room temperature. The in-
crease in yield stress is more significant for alloys of the 40Cr series 
(by 85–90 %) than for alloys of the 45 series (by 65–70 %). This leads 
to the increase in 77 K yield stress by 10–15 and 20–25 % respectively 
for alloys of the 40Cr and 45Cr when compared to the equiatomic 
alloy. The variation of yield stress with alloys at the finite tem-
peratures can be also scaled with the MSAD as shown in Fig. 6(b), 
although the MSAD scaling is originally proposed for the strength at 
0 K [1].

On the other hand, the tensile ductility (i.e., elongation at failure) 
varies from alloy to alloy in a much more complex way instead of 
simply expected from the SFE values. Both at room temperature 
(Fig. 7(b)) and 77 K (Fig. 7(d)), the tensile ductility for 40Cr-20Co- 
40Ni and 40Cr-25Co-35Ni alloys is a little higher than that for the 
equiatomic alloy, probably due to their lower SFEs. Of interest to 
note is that although the 40Cr-40Co-20Ni alloy has a SFE lower than 
the equiatomic alloy, the tensile ductility is much lower. On the 

other hand, two alloys (45Cr-20Co-35Ni and 45Cr-25Co-30Ni) of the 
45Cr series exhibit tensile ductility at 77 K and room temperature as 
expected from their SFEs; their tensile ductility is higher than that 
for the equiatomic alloy as their SFEs are lower than the equiatomic 
alloy. The 45Cr-15Co-40Ni alloy having a higher SFE than the 
equiatomic alloy exhibits a lower tensile ductility. The elongations at 
failure obtained at 77 K for these non-equiatomic and equiatomic 
alloys are plotted in Fig. 8 as a function of SFE calculated in the 
present study. The elongations at failure are seen to increase with 
the decrease in SFE down to a value of − 110 to − 120 mJ/m2, but once 
the SFE decreases below this value, the tensile elongation at failure 
abruptly decreases. Some possible reasons for this will be rationa-
lized by investigating deformation microstructures, see next section.

3.2.4. Deformation microstructures
Dislocation structures revealed by bright-field and weak-beam 

dark-field imaging are shown in Fig. 9(a), (b), (d), (e) and (g), (h), 
respectively, for 45Cr-15Co-40Ni, 45Cr-20Co-35Ni and 45Cr-25Co- 
30Ni alloys deformed to ∼ 3 % plastic strain in compression at room 
temperature. The thin foils used were cut parallel to the (111) 
macroscopic slip plane. For all alloys, a typical planar array of 
smoothly curved long dislocations is observed on the (111) slip 
planes in the bright-field images of Fig. 9(a), (d), (g) and dislocations 
are observed to dissociate into two Shockley partial dislocations in 
the weak-beam images of Fig. 9(b), (e) and (h). The separation dis-
tance between paired Shockley partial dislocations was measured as 
a function of angle θ between the Burgers vector and line direction of 
the perfect dislocations in Fig. 9(c), (f) and (i) to deduce the stacking 
fault energy of these alloys. The deduced SFEs are 21.5, 15 and 10 mJ/ 
m2 for 45Cr-15Co-40Ni, 45Cr-20Co-35Ni and 45Cr-25Co-30Ni alloys, 

Fig. 8. Uniform elongation obtained for some selected Cr-Co-Ni ternary alloys in tension at 77 K plotted as a function of SFE theoretically calculated in the present study. 
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Fig. 9. Dislocation structures investigated by TEM after 3 % plastic deformation at room temperature. (a), (d), (g) Bright-field and (b), (e), (h) weak-beam dark-field TEM images of 
deformation microstructures at room temperature of (a), (b) 45Cr-15Co-40Ni, (d), (e) 45Cr-20Co-35Ni and (g), (h) 45Cr-25Co-30Ni alloys. (c), (f) and (i) Dissociation width plotted 
as a function of angle θ between the Burgers vector and line direction of the perfect dislocations for 45Cr-15Co-40Ni, 45Cr-20Co-35Ni and 45Cr-25Co-30Ni alloys, respectively.
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respectively. While the SFE for the 45Cr-20Co-35Ni alloy is com-
parable to that of the equiatomic Cr-Co-Ni alloy (14 mJ/m2) [15], the 
SFE values for the 45Cr-15Co-40Ni and 45Cr-25Co-30Ni alloys are 
respectively higher and lower than that of the equiatomic Cr-Co-Ni 
alloy. The order of SFEs for the four alloys deduced by the experi-
ment coincides with those calculated by DFT (γisf) (Fig. 10), although 
the prediction of the absolute value is impossible by DFT calculation.

Sets of orientation and phase (FCC and HCP) maps of deformation 
microstructures are shown in Fig. 11(a)-(e), respectively, for 45Cr- 
15Co-40Ni, 40Cr-20Co-40Ni, 45Cr-20Co-35Ni, 45Cr-25Co30Ni and 
40Cr-40Co-20Ni alloys (arranged in the descending order of the 
calculated SFEs) deformed in tension at 77 K to failure. The ob-
servations were made at areas away from the necking part of the 
tensile samples. For the 45Cr-15Co-40Ni alloy (Fig. 11(a)), the viewed 
area is almost completely occupied by the FCC phase with twin la-
mellae observed in many grains. This indicates that deformation 
twinning contributes considerably to the plastic deformation. 
However, it does not exclude the existence of very thin HCP lamellae 
below the resolution limit. As the calculated SFE decreases, the vo-
lume fraction of the HCP phase in the lamellar form, indicative of the 
occurrence of ε-martensitic transformation, increases gradually from 
less than 1 vol. % for the 40Cr-20Co-40Ni alloy (Fig. 11(b)) to 3.5 vol. 
% for the 45Cr-20Co-35Ni alloy (Fig. 11(c)). For both alloys, areas 
occupied by twin lamellae are also observed occasionally. For 45Cr- 
25Co-30Ni (Fig. 11(d)) and 40Cr-40Co-20Ni alloys (Fig. 11(e)), how-
ever, the volume fraction of the HCP phase in the lamellar form in-
creases significantly to exceed 10 %, indicating the significant 
contribution of ε-martensitic transformation to the plastic de-
formation. The variation of the volume fraction of the HCP phase is 
depicted in Fig. 12 as a function of the calculated SFE for these five 
alloys. The major deformation mode changes from deformation 
twinning to ε-martensitic transformation as the SFE decreases, being 
consistent with many previous reports [64–67]. Of significance to 
note is that once the volume fraction of the deformation-induced 
HCP phase is increased considerably as in the 45Cr-25Co-30Ni and 
40Cr-40Co-20Ni alloys, the tensile ductility decreases dramatically 
as seen in Fig. 8. This appears to be due to the increased propensity 
for crack nucleation at grain boundaries and annealing twin 
boundaries that are impinged by deformation-induced ε-martensite 
laths with decreasing SFE. Fig. 13 shows the case of the 40Cr-40Co- 
20Ni alloys deformed in tension to failure at 77 K. The crack sur-
rounded by ε-martensite laths is clearly observed at the grain 
boundaries after the tensile fracture. The decrease in tensile ductility 

related to the formation of deformation-induced ε-martensite laths 
is also observed similarly for Co-based alloys and high-Mn 
steels [66–68].

4. Discussion

4.1. Correlation between theoretical calculation and experimental 
measurement

In the present study, we used theoretically calculated MSAD and 
SFE values as index to predict the strength and ductility, respectively, 
in the ternary Cr-Co-Ni system. We further used the 0 K yield strength 
deduced from the temperature dependence of yield strength and 
tensile elongation at 77 K to evaluate the prediction. For strength, 
considering that all specimens used in this study have FCC single- 
phase microstructures with a similar grain size, the contribution of 
the grain boundary strengthening on the mechanical properties for all 
compositions is expected to be comparable. Besides, the so-called 
short range ordering effect, which was thought may improve the 
mechanical properties significantly, has been proved to have no de-
tectable effect on either the strength or the ductility [24,25]. Thus, the 
difference in strength of the present Cr-Co-Ni MEAs is considered to 
be dominantly determined by solid solution hardening, which is ex-
pected to have a good correlation to the MSAD [1,8,9]. Theoretical 
calculations indicate that the MSAD increases with the increase in the 
Cr content and with the increase in the Ni/Co ratio at the high Cr 
compositions (Fig. 2(a)). This is indeed confirmed by the present ex-
periments. A linear correlation is found between the yield strength at 
0 K and MSAD (Fig. 6(b)) and the strength at 0 K increases as the Ni 
content increases for a given Cr content, as shown in Fig. 14(a) for the 
case of alloys of the 45Cr series.

On the other hand, theoretical calculations indicate that the SFE 
decreases with the increase in the Cr content and with the increase 
in the Co/Ni ratio at the high Cr compositions (Fig. 2(b)), but the 
tensile ductility varies in a much more complex way with respect to 
the variation of SFE (Fig. 8). The tensile elongation at failure in-
creases with the decrease in SFE down to the SFE of −110 to −120 mJ/ 
m2 (theoretically calculated values) as expected, but it abruptly de-
creases once the SFE decreases below this value. The abrupt decrease 
in tensile ductility is confirmed to be closely related to the change in 
major deformation mode from deformation twinning to deforma-
tion-induced ε-martensite transformation (Figs. 11–13). This in-
dicates that the decrease in SFE is indeed beneficial to tensile 
ductility as far as the major deformation mode is deformation 
twinning, but the further decrease in SFE that causes to change in 
the major deformation mode to deformation-induced ε-martensite 
transformation is detrimental to tensile ductility. While theoretical 
calculations predict that at the high Cr concentrations (such as 40Cr 
and 45Cr), Co-rich compositions are preferred for higher ductility 
due to lower SFEs, the experiments indicate that higher tensile 
elongations are unexpectedly obtained at Ni-rich compositions 
(Fig. 14(b)). The authors would like to mention that, due to instru-
mental restriction, we did not employ an industrial standard tensile 
specimens for the ductility investigation and that the elongation was 
deduced from the displacement of the crosshead instead with using 
the extensometer. Both may cause an overestimation in tensile 
elongation (by 15–20 % at failure as confirmed by measuring the 
extension of the distance between two reference points (Vickers 
indents) within the gage length), but the yield strength measured in 
this study is considered not affected by the lack of an extensometer, 
as reported by other researchers [69,70]. We believe that the tensile 
strength and ductility thus obtained can be used to confirm the 
correlation between the experimentally measured mechanical 
properties and the theoretically calculated prediction parameters, as 
the relative values of tensile elongation may not change.

Fig. 10. SFEs experimentally determined by TEM analysis for 45Cr-15Co-40Ni, 45Cr- 
20Co-35Ni and 45Cr-25Co-30Ni alloys plotted as a function of SFEs theoretically 
calculated in the present study.
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Fig. 11. Orientation map and phase (FCC and HCP) maps of deformation microstructures of (a) 45Cr-15Co-40Ni, (b) 40Cr-20Co-40Ni, (c) 45Cr-20Co-35Ni, (d) 45Cr-25Co30Ni and 
(e) 40Cr-40Co-20Ni alloys deformed in tension at 77 K to failure.
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Fig. 12. Variation of the volume fraction of the deformation-induced HCP phase (in tension at 77 K) plotted as a function of theoretically calculated SFE of the five Cr-Co-Ni ternary alloys. 

Fig. 13. Surface investigation on the crack area. (a) SEM image, orientation maps ((b) in FCC and (c) HCP phases), and (d) phase (FCC and HCP) map of the 40Cr-40Co-20Ni alloy 
deformed in tension at 77 K to failure.
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4.2. Prediction of the composition region for simultaneous high strength 
and high ductility

As discussed above, in Cr-Co-Ni ternary alloys, the strength is 
expected to increase with increasing MSAD, whereas the ductility is 
believed to increase with decreasing SFE to a critical value. In other 
word, the MSAD parameter is expected to be as high as possible, 
while the SFE parameter is expected to be lower, but not too low, in 
order to prevent the harmful deformation-induced ε-martensite 
transformation. The change in the major deformation mode from 
deformation twinning to deformation-induced ε-martensite trans-
formation occurs at the SFE of − 110∼− 120 mJ/m2 in our theoretical 
calculation, which corresponds to 10–12 mJ/m2 in TEM analysis 
(Fig. 9). The contour of SFE= −110∼− 120 mJ/m2 is indicated as a thick 
line in Fig. 14(b) to indicate compositions at which an abrupt de-
crease in tensile ductility is expected to occur. This leads to a result 
that, for high strength, the higher Cr (more than 40 %) and higher Ni 
composition are mandatory. While for high ductility, higher Cr and 
higher Co compositions are preferred, but should not cross the cri-
tical line corresponding the deformation mode change.

For the above reasons, outstanding combinations of strength and 
ductility are obtained at compositions of a bit Ni-rich side of the Co/ 
Ni equi-composition line at the high Cr compositions (such as 45Cr- 
20Co-35Ni, 45Cr-25Co-30Ni and 45Cr-15Co-40Ni) with the 45Cr- 
20Co-35Ni alloy being the best combination of the 0 K strength 

(672 MPa) and the 77 K tensile ductility (149 %). The poor ductility of 
the 45Cr-27.5Co-27.5Ni proposed by Coury et al. [71] as the strongest 
alloy may be due to the occurrence of deformation-induced ε-mar-
tensite transformation because of the too low SFE. The 45Cr-20Co- 
35Ni alloy, which represents the optimal combination of mechanical 
properties in the current study, outperforms the equiatomic Cr-Co- 
Ni alloy with equal grain size in terms of 0 K strength and 77 K 
tensile ductility by 32 % and 13 %, respectively.

5. Conclusions

We have attempted alloy design to achieve high strength and 
high ductility simultaneously for Cr-Co-Ni ternary alloys with MSAD 
and SFE as the respective materials parameters. The alloy design 
strategy has been verified by experiment through the evaluation of 
mechanical properties and deformation microstructures. The results 
obtained are summarized as follows: 

(1) The MSAD is calculated to increase with the increase in the Cr 
content and with the increase in the Ni/Co ratio at the high Cr 
compositions. On the other hand, the SFE is calculated to de-
crease with the increase in the Cr content and with the increase 
in the Co/Ni ratio at the high Cr compositions. These indicate 
that higher Cr (more than 40 %) is mandatory for high strength 
and high ductility and that at such high Cr contents, Ni-rich 
compositions are preferred for higher strength and Co-rich 
compositions for higher ductility.

(2) A linear correlation is found between the yield strength at 0 K 
and MSAD and the strength at 0 K increases as the Ni content 
increases for a given Cr content. This is consistent with what is 
expected from the variation of MSAD. The variation of tensile 
ductility, on the other hand, occurs in a much more complex way 
than what is expected simply from the variation of SFE. The 
tensile elongation at failure increases with the decrease in SFE 
down to the SFE of 10–12 mJ/m2 as expected, but it abruptly 
decreases once the SFE decreases below this value due to the 
change in the major deformation mode from deformation 
twinning to deformation-induced ε-martensite transformation.

(3) Outstanding combinations of strength and ductility are obtained 
at compositions of a bit Ni-rich side of the Co/Ni equi-compo-
sition line at the high Cr compositions around 45Cr-20Co-35Ni. 
Compared to the equiatomic Cr-Co-Ni alloy with a similar grain 
size, the 45Cr-20Co-35Ni alloy, the best combination alloy in the 
present study, exhibits 0 K strength and 77 K tensile ductility 
greater, respectively, by 32 % and 13 %.
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