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A B S T R A C T   

The development of robust alloys capable of maintaining high strength and ductility at cryogenic temperatures 
has been a long-sought goal, particularly for load-bearing applications in extremely low-temperature environ-
ments. In this study, we reported a newly developed face-centered-cubic (FCC) metastable (Ni0⋅3Co0⋅4Cr0.3)94Mo6 
medium-entropy alloy (Mo-MEA) with an excellent synergy of strength and ductility at 77 K, surpassing the 
toughest equiatomic NiCoCr MEA. Compared to the equiatomic NiCoCr MEA, the Mo-MEA exhibited a sub-
stantial increase in yield strength by 68 % (from 407 to 685 MPa) and a decent enhancement of the ultimate 
tensile strength by 10 % (from 1289 to 1415 MPa), along with a marginal increase in elongation from 75 % to 
78.45 %. Electron backscatter diffraction and transmission electron microscopy revealed the activation of 
multimodal deformation mechanisms, including dislocations, stacking faults, twinning, and FCC-to-hexagonal- 
close-packed phase transformation, during the tensile deformation at 77 K.   

1. Introduction 

The selection of materials with a superior combination of strength 
and ductility is a crucial requirement for load-bearing applications at 
low temperatures. Insuf昀椀cient toughness may cause catastrophic failure 
since metallic materials often display diminished toughness at reduced 
temperatures especially within the cryogenic temperature range [1,2]. 
Medium-entropy alloys (MEAs) are a new type of alloys consisting of 
three or four elements in an equiatomic or near-equiatomic fraction [3, 
4]. Out of a variety of MEAs, the single-phase face-centered-cubic (FCC) 
NiCoCr MEA is the most studied due to its extraordinary enhancement of 
both strength and ductility with the decreasing temperature down to 
cryogenic temperature range [5–8]. Also, Liu et al. [9] recently have 

reported the highest crack-growth fracture toughness, 540 MPa m½ at 
20 K, in the equiatomic NiCoCr MEA, superior to the Cantor alloy, 
NiCoCrFeMn [10,11]. Ab initio calculations [12,13] have revealed that 
the NiCoCr MEA has an extremely low intrinsic stacking fault energy 
(SFE), −24 mJ/m2 at 300 K, and prefers the hexagonal-close-packed 
(HCP) structure over FCC. Transmission electron microscopic (TEM) 
characterizations have revealed that multiple deformation mechanisms, 
including dislocations, stacking fault (SF), and twinning-induced plas-
ticity (TWIP), were activated consequently during the deformation of 
the metastable FCC NiCoCr MEA at 77 K [6], and the 
transformation-induced plasticity (TRIP) mechanism was further trig-
gered at 20 K [9]. The exceptional damage tolerance of the NiCoCr alloy 
is encouraging to the development of advanced alloys for applications in 
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extreme environments. 
However, the equiatomic NiCoCr MEA is not necessarily the optimal 

candidate in the Ni–Co–Cr system for cryogenic temperature applica-
tions. In searching for Ni–Co–Cr MEA compositions to achieve high 
strength and ductility, a low SFE value is frequently used as an empirical 
guide. However, excessively low SFE values can increase the fraction of 
TRIP deformation and provoke ductility loss due to stress concentration 
at the HCP interfaces, as exempli昀椀ed by the early fracture in the 
Ni20Co60Cr20 MEA [14]. Using ab initio calculations, Yang et al. [12] 
examined the SFE of the Ni–Co–Cr MEA system covering a broad 
compositional space (Fig. 1a). Besides conventional TWIP deformation 
(cTW; red region in Fig. 1a) and TRIP deformation (martensitic trans-
formation, MT; blue region in Fig. 1a) regions, Yang et al. [12] de昀椀ned 
the third deformation region (the green one in Fig. 1a), phase 
transformation-mediated twinning (TMT). TMT involves an initial 
FCC-to-HCP martensitic transformation driven by a negative SFE, fol-
lowed by partial dislocations traveling on basal planes, 昀椀nally leading to 
the formation of FCC twin. The two-step twinning process sheds light on 
the improvement of ductility by consuming HCP phase. The equiatomic 
NiCoCr MEA is situated on the left side of the boundary between the 
TMT and MT deformation regions [12]. Yang et al. [12] further found 

that the Ni28Co36Cr36 MEA located on the right side of the TMT/MT 
boundary has an improved ultimate tensile strength without ductility 
compromise. Therefore, adding more Co and Cr to reduce the SFE should 
be done judiciously to limit TRIP deformation and achieve a balance 
between reasonable strength and good ductility. 

However, the incremental enhancement in strength achieved by 
augmenting the Co and Cr content in the NiCoCr to form Ni28Co36Cr36 
MEA is relatively modest [12]. To achieve a synergistic combination of 
exceptional strength and excellent ductility in single-phase Ni–Co–Cr 
MEAs, it becomes imperative to explore the incorporation of alloying 
elements that can effectively reduce the SFE and induce robust 
solid-solution strengthening. A number of researches [15–21] about the 
introduction of strengthening elements, e.g., Mo, La, Y and Gd, into the 
NiCoCr MEA have been conducted to examine the phase evolution and 
mechanical properties at room temperature (RT). Previous in-
vestigations [15,19–22] have indicated that at RT the introduction of 
Mo into Ni-based MEAs not only imparts substantial solid-solution 
strengthening but also ef昀椀ciently diminishes the SFE, even with a 
minor Mo addition. Prior investigation, however, have primarily 
concentrated on precipitation strengthening approach to enhance the 
strength of the extensively studied CrCoNi MEA, particularly at RT. 

Fig. 1. (a) Correlation between predicted SFEs and compositions of Ni–Co–Cr alloy system at RT [12]. The region in red indicates alloys with the conventional 
twinning deformation mechanism (cTW), the blue one refers to TRIP deformation (or Martensitic transformation, MT), and the green one represents TMT defor-
mation mechanism. The red dot indicates the Ni30Co40Cr30 MEA. Computed phase diagrams of (NiCoCr)100-xMox (0 f X f 20) (b) (Ni0⋅3Co0⋅4Cr0.3)100-xMox (0 f X f
20) (c) MEA systems. The equilibrium phase diagram versus temperature was calculated by using thermos-calc software. 

Fig. 2. EBSD analysis of microstructure of the Mo-MEA. (a) Inverse pole 昀椀gure (IPF) and (b) grain-size distribution. The inset in the upper right of (a) shows the 
distribution of grain orientations. 

C. Wang et al.                                                                                                                                                                                                                                   



Journal of Materials Research and Technology 27 (2023) 3914–3922

3916

Nevertheless, the solubility limit of Mo within the equiatomic NiCoCr 
MEA is about 6 % at 1100 çC, a constraint driven by the thermody-
namically predicted formation of sigma phase, as illustrated in the 
computed phase diagram for the (NiCoCr)100-xMox alloy system (0 f X 
f 20) depicted in Fig. 1b. Furthermore, the emergence of the brittle 
sigma phase markedly compromises the ductility of the NiCoCr MEA at 
both RT and cryogenic temperatures [19–21,23]. Concurrently, the 
segregation of Mo restricts the 昀椀ne-tuning of the SFE within the NiCoCr 
matrix. 

In the present work, we added the effective solid-solution 

strengthening element, Mo, into the Ni30Co40Cr30 MEA to reduce SFE. 
Instead of the equiatomic NiCoCr MEA, the choice of the Ni30Co40Cr30 
MEA as the base alloy is due to the increasing solution limit of Mo in the 
low Cr-contained Ni–Co–Cr MEA and thus the Ni30Co40Cr30 MEA with a 
similar SFE as the equiatomic NiCoCr MEA (Fig. 1a) enables the SFE 
tuning in a relatively broad range to obtain a metastable state. We 
further calculated the phase diagram of (Ni0⋅3Co0⋅4Cr0.3)100-xMox (0 f X 
f 20) (Fig. 1c). Compared with the (NiCoCr)100-xMox (0 f X f 20), the 
solubility of Mo in Ni30Co40Cr30 at 1100 çC is increased. The non- 
equiatomic (Ni0⋅3Co0⋅4Cr0.3)94Mo6 MEA (denoted as Mo-MEA here-
after) was fabricated by arc melting in the present work. Its tensile 
properties were evaluated at the cryogenic temperature of 77 K. The 
newly developed non-equiatomic Mo-MEA exhibited superior mechan-
ical performance, compared to the equiatomic NiCoCr MEA, with sig-
ni昀椀cant improvements in the yield strength and ultimate tensile 
strength, as well as a slight increase in ductility. And the deformation 
mechanisms in this non-equiatomic Mo-MEA were systematically stud-
ied by electron backscattered diffraction (EBSD) and transmission 
electron microscopy (TEM). 

Fig. 3. Elemental mapping of the recrystallized Mo-MEA.  

Table 1 
Composition of the Mo-MEA.   

Composition (at.%) 
Ni Co Cr Mo 

Nominal 28.2 37.6 28.2 6 
Experimental 28.1 ± 0.1 36.9 ± 0.2 28.8 ± 0.4 6.2 ± 0.2  

Fig. 4. Engineering stress-strain curve (a) and strain-hardening rate vs. true strain (b) of the Mo-MEA. Experimental data of the widely-studied equiatomic NiCoCr 
from Ref. [8] was added for a comparison. 
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2. Methodology 

The Mo-MEA ingot was synthesized by arc melting Ni, Co, Cr and Mo 
(a purity of 99.9 wt%, ZhongNuo Advanced Materials (Beijing) Tech-
nology Co., Ltd) in high-purity argon gas. To ensure composition uni-
formity, the ingot was 昀氀ipped and remelted at least six times, then cast 
into a Cu mold with dimensions of 8 × 8 × 80 mm3. The as-cast sample 
was sealed in a vacuum quartz tube, homogenized for 24 h at 1473 K, 
and water-quenched. The homogenized sample was cold-rolled along 
the longitudinal direction with an 80 % thickness reduction from 8.0 to 
1.5 mm. Flat dog-bone-shaped tensile specimens with a gauge length of 
20 mm and a thickness of 1.5 mm were cut from the cold-rolled sheet 
using electrical discharge machining along the rolling direction. The 
tensile specimens were annealed at 1273 K for 1 h and water-quenched 
to obtain a fully recrystallized microstructure. Tensile tests were per-
formed at 77 K in liquid nitrogen environment on a 10T mechanical 
testing machine (CMT-5105, SENS) at a strain rate of 1 × 10−3 s−1. Prior 
to testing, the specimens were immersed in liquid nitrogen for 20 min to 
reach an equilibrium temperature. To study the microstructure evolu-
tion during the plastic deformation, beside the fractured specimen two 
more tensile specimens were deformed to different engineering strain of 
5 % and 25 %, respectively. 

Microstructure and composition were characterized by using a 昀椀eld- 
emission scanning electron microscope (AMBER, TESCAN) equipped 
with EBSD and energy dispersive X-ray spectrometer (EDX). TEM 
operated at 200 V (Talos F200X G2) was utilized to study deformation 
mechanisms. The annealed samples were ground up to 2000 grit, me-
chanically polished in a colloidal SiO2 suspension of 0.05 μm, and 
electrolytically polished in a solution of H2SO4 and CH3OH (a volume 
ratio of 1: 4) for the EBSD characterization. The TEM thin foils were 
prepared by gallium-focused ion beam (AMBER, TESCAN). 

3. Results 

3.1. Microstructure 

The microstructure of the annealed Mo-MEA is presented in Fig. 2a, 
showing a fully recrystallized microstructure with equiaxed grains 
randomly distributed throughout. Preferred grain orientations along 
<001> and <101> was observed for the recrystallized grains, as indi-
cated by the inset in Fig. 2a. It is worth to mention that the error for the 
texture analysis can be large due to the limited statistical result. Addi-
tionally, a high density of annealing twins was observed, which suggests 
that the non-equiatomic Mo-MEA possesses a low SFE. The grain-size 

Fig. 5. Fractography of the Mo-MEA deformed at 77 K.  

Fig. 6. Ultimate tensile strength vs. elongation for different MEAs and HEAs deformed at 77 K [7,8,24–54]. Circle symbols refers to alloys with multiple phase and 
triangle symbols represents single phase alloys. 
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distribution is shown in Fig. 2b, with an average grain size of 18.5 μm. 
Compositional homogeneity of the Mo-MEA was examined by EDX 

elemental mapping, as shown in Fig. 3. No apparent elemental segre-
gation was found in the Mo-MEA. A quantitative characterization of 
elements in the Mo-MEA was obtained by EDX point analysis. Table 1 
compares the nominal composition with the experimental one. It can be 
seen that the experimental composition agrees well with the nominal 
one. And the small deviation in composition further proves the homo-
geneous composition in the Mo-MEA. 

3.2. Mechanical properties 

The mechanical properties of the recrystallized Mo-MEA at 77 K 
were investigated through uniaxial tension. Fig. 4a presents the engi-
neering stress-strain curve for the Mo-MEA, along with the curve for the 
commonly studied equiatomic NiCoCr MEA [8] for comparison. 
Compared to the equiatomic NiCoCr MEA, the Mo-MEA exhibited a 

substantial increase in yield strength (68 % increase from 407 to 685 
MPa), and a decent enhancement in the ultimate tensile strength (10 % 
increase from 1289 to 1415 MPa). Despite these remarkable improve-
ments in strength, the ductility of the Mo-MEA was not compromised, as 
evidenced by the marginal increase in the elongation from 75 % to 
78.45 %. Accordingly, a remarkable strength-ductility synergy was 
achieved in the Mo-MEA at 77 K. Fig. 4b displays the work-hardening 
behavior of the Mo-MEA as a function of the true strain. Different 
from the NiCoCr MEA with three-stage work hardening during the 
uniform plastic deformation process, the work-hardening rate of the 
Mo-MEA shows a two-stage decrease, i.e., a sharp decline at the initial 
stage of plastic deformation (prior to the true strain of ~6 %) followed 
by a slow reduction until the end of uniform plastic deformation. Frac-
tography of the Mo-MEA was examined by SEM, as shown in Fig. 5. No 
large macroscopic necking was observed (Fig. 5a), but a high density of 
dimples (Fig. 5b) was formed on the fracture surface, revealing a char-
acteristic of ductile fracture. 

Fig. 7. EBSD analysis of Mo-MEA specimens deformed to different engineering strain. (a–c) IPF, (d–f) Kernal average misorientation maps, and (g–i) phase maps. 
Loading axis is parallel to the height direction of the EBSD images. 
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Fig. 6 compares the ultimate tensile strength and elongation of 
various MEAs and high-entropy alloys (HEAs) deformed at the cryogenic 
temperature of 77 K. Obviously, our newly designed Mo-MEA exhibits 
an excellent combination of high strength and ductility at such an 
extremely low temperature. The ultimate tensile strength of the Mo- 
MEA is comparable to that of the precipitate-strengthened FeCo-
NiCrTi0.2 HEAs, whereas its ductility surpasses other single-phase HEAs, 
including the most damage-tolerant equiatomic NiCoCr MEA reported to 
date [9]. Therefore, our Mo-MEA possesses a great potential for appli-
cations requiring extraordinary strength-ductility synergy at cryogenic 
temperatures. 

4. Discussion 

To investigate the microstructural origin of the mechanical behav-
iors, we studied deformation microstructure of the interrupted tensile- 
deformed samples by EBSD technique (Fig. 7). Fig. 7a–c shows the 
IPFs of the Mo-MEA specimens deformed to the strain of 5 %, 25 % and 
78 % (fracture), respectively. At a tensile strain of 5 %, grain orientation 

change is hardly detected and a few of small deformation twins occurred 
(Fig. 7a). With a further increase of strain up to 25 %, grain orientation 
change dramatically increases especially near the grain boundaries, 
indicating the activation of multiple slip systems, but meanwhile 
deformation twins are not increased much (Fig. 7b). For the fractured 
specimen, large orientation change happens across each grain and grains 
were elongated, but still deformation twins remain with a low density. 
Fig. 7d–f qualitatively evaluate the density of geometrically necessary 
dislocations for the specimens deformed to different strain. At the low 
strain of 5 %, dislocations are distributed in a relatively random fashion 
but con昀椀ned by grain and twin boundaries (Fig. 7d). When the specimen 
was deformed to 25 %, dislocations distribute heterogeneously to form 
cells and networks (Fig. 7e). In the fractured sample, a high density of 
dislocations was formed in each grain to hinder their further movement 
(Fig. 7f). Moreover, phase change was examined, as shown in the phase 
maps in Fig. 7g–i. With the increase of strain, the FCC-to-HCP phase 
transformation increases, but the fraction of HCP phase is relatively low, 
indicating that TRIP is not the dominant deformation mechanism. Note 
that low angle grain boundaries (LAGBs) started to form at the medium 

Fig. 8. Bright-昀椀eld TEM images of different deformed grains containing dislocation bands (a), stacking faults (b) and hierarchical SF microstructures (d) in the 
fractured specimen. (c) High-resolution TEM image of SFs in (b). All images were taken along the [110] zone axis. The inset in (a) and (b) shows the SADPs of 
dislocation bands and SFs, respectively. 
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strain of 25 %, as indicated by blue lines in Fig. 7h, and increased 
dramatically in the fractured samples (Fig. 7i). 

To further understand the deformation mechanisms of the Mo-MEA, 
the deformation substructures of the fractured specimen were exten-
sively studied by TEM. Dislocation bands were observed in some 
deformed grains (Fig. 8a). The selected area diffraction pattern (SADP) 
in the inset of Fig. 8a clearly shows that only diffraction spots from the 
FCC matrix occur, revealing the dislocation-controlled deformation 
mechanism in some grains. A high density of bundles formed by SF were 
found among the dislocation networks in most of deformed grains 
(Fig. 8b). The streaking lines in the SADP taken along the [110] zone 
axis demonstrates the characteristic of SFs. The SF bundles have a 
varying width and interspacing in tens of nanometers (Fig. 8c). The 
narrow interspace between SF bundles was observed to con昀椀ne the 
motion of other deformation defects, as demonstrated by the hierar-
chical SF structure (Fig. 8d). The primary SF bundles apparently serve as 
barriers to hinder the penetration of the secondary SFs. The intersection 
of primary and secondary SFs re昀椀ned the grain into nanosized regions 
for the dislocation movement, leading to a strong dynamic Hall-Petch 

effect [55]. 
In addition to the dislocation and SF deformation mechanisms, a 

TWIP deformation mechanism was also detected, as demonstrated in 
Fig. 9. The SADP in Fig. 9a shows extra diffraction spots (circled in blue), 
which indicate typical twinning regions. The dark-昀椀eld TEM image in 
Fig. 9b reveals the formation of nanosized deformation twins contrib-
uting to the twinning diffraction spots. Moreover, complex substructures 
were formed around deformation-twinning regions, as presented in the 
high-resolution TEM image of Fig. 9c. On the other hand, the defor-
mation twins act as barriers, hindering the propagation of secondary SFs 
on different {111} planes at an angle of ~70o. Notice that deformed 
twins always mixed with SFs in the deformed specimen. Furthermore, 
HCP bands with tens of atomic layers are formed near the boundary of 
deformation twins and SFs, as demonstrated in Fig. 9d, revealing the 
activation of a TRIP deformation mechanism. 

The detection of the HCP phase at 77 K suggests that the thermo-
dynamically stable phase of the Mo-MEA at cryogenic temperatures is 
the HCP phase, and the deformation twins are metastable. Recent ab 
initio calculation [15] shows that the SFE of (NiCoCr)97Mo3 MEA is 

Fig. 9. Deformation structure of the fractured specimen. (a) Bright-昀椀eld TEM image of deformation twins. The inset SADP reveals diffraction spots from twinning 
(circle in blue). (b) Dark-昀椀eld TEM of deformation twins. (c) High-resolution TEM of an interaction between the deformation twin and SFs. (d) High-resolution TEM 
image of HCP lamellae. 
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−40.4 mJ/m2 at 0 K, lower than the one of the NiCoCr MEA [12]. 
Moreover, ab initio calculations [12] found that the SFE of the Ni30C-
o40Cr30 MEA is about the same as the one of the NiCoCr MEA. Therefore, 
the SFE of the Ni30Co40Cr30 MEA is expected to be negative after the 
addition of Mo. The SFE corresponds to the energy difference between 
the HCP and FCC structures. Thus, the negative SFE of the Mo-MEA 
implies the thermodynamically stable HCP phase at low temperatures. 

The negative SFE [15] suggests that the TRIP mechanism should 
dominate deformation in the Mo-MEA at 77 K. However, the observation 
of SFs and twinning in the Mo-MEA deformed at 77 K contrasts this 
projection. In fact, the intrinsic SF in the FCC structure can be treated as 
a two-layer embryo of the HCP structure. But the formation of defor-
mation twins is the consequence of the competition between the energy 
barriers for SF, γSF(θ) = γusf/cos θ, and twinning, γTW(θ) = (γutf − γisf )/
cos θ [56]. Here, γusf , γutf , and γisf are unstable SFE, unstable twin fault 
energy, and intrinsic SFE, respectively, and θ indicates the effect of grain 
orientation relative to the direction of the resolved shear stress. Through 
ab initio calculations, Yang et al. [57] found that the Ni30Co40Cr30 MEA 
at 77 K has a slightly smaller SF energy barrier than the twinning energy 
barrier, γSF − γTW = -14 mJ/m2. Thus, HCP phase should be preferred. 
However, it should be noted that the effect of af昀椀ne deformation is not 
considered in this calculation of energy-barrier difference. Note that in a 
solid under af昀椀ne deformation, the local elastic strain is homogeneous 
across the whole body and equivalent to the macroscopic elastic strain. 
Since a critical resolved shear stress is needed to shear the {111} atomic 
layers, the in昀氀uence of the af昀椀ne strain on the energy barriers should be 
evaluated. Here, we roughly estimated the in昀氀uence of the af昀椀ne strain 
on γSF − γTW of the Ni30Co40Cr30 MEA based on the NiCoCr MEA case 
since their SFE difference is relatively small. Combining the measured 
critical twinning shear stress of 260 MPa [6] and shear modulus of 87 
GPa [8] for the polycrystal NiCoCr MEA, the critical twinning shear 
strain for the single-crystal NiCoCr MEA is ~0.93 %. Moreover, Huang 
et al. [13] calculated that in the NiCoCr MEA applying an af昀椀ne strain 
from 0.8 % to 1.2 % can increase the value of γSF − γTW by ~15 mJ/m2 at 
77 K. Thus, the estimated γSF − γTW for the Ni30Co40Cr30 MEA at 77 K is 
very close to 0 mJ/m2, suggesting that the energy barrier for the 
FCC-to-HCP transformation is comparable to the twinning barrier. 
Similar to the Ni30Co40Cr30 MEA, the Mo-MEA is marginally situated at 
the boundary of unconventional metastable twinning and TRIP defor-
mation at 77 K, resulting in the coexistence of TRIP deformation and 
twinning. Different from our newly-designed Mo-MEA with comparable 
values of γSF and γTW, a recent investigation [22] of the Mo-doped 
Ni15Cr25Co40Fe15Mo5 HEA with a large difference between γSF and 
γTW, −28 mJ/m2, shows only stacking faults and TRIP deformation 
mechanism without the formation of deformation twins. 

5. Conclusion 

To summarize, we have successfully developed an FCC non- 
equiatomic Mo-MEA with a synergy of excellent strength and ductility 
at 77 K, achieved through multimodal deformation mechanisms, 
including dislocations, stacking faults, twinning, and FCC-to-HCP phase 
transformation. Compared to the most fracture-tolerant equiatomic 
NiCoCr MEA reported [9], the non-equiatomic Mo-MEA demonstrated 
68 % and 10 % increase in yield and ultimate tensile strength, respec-
tively, without compromising ductility. Our TEM analysis revealed that 
the dominant deformation mechanisms are dislocations and stacking 
faults, and meanwhile the formation of hierarchical stacking fault and 
twin structures further re昀椀nes the grains, leading to a strong dynamic 
Hall-Petch effect. Although the thermodynamically stable phase of the 
non-equiatomic Mo-MEA is HCP, the comparable energy barriers be-
tween SFs and twinning suppresses the formation of a large amount of 
HCP phase, thus preventing premature fracture in the metastable 
Mo-MEA. These 昀椀ndings underscore the importance of the activation 
and precise control of multimodal deformation mechanisms in achieving 

optimal mechanical properties. 
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