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A B S T R A C T

A newly-designed Co68Al18.2Fe6.5V4.75Cr2.55 medium entropy alloy (MEA) with FCC + B2 structure exhibits not 
only an excellent strength-ductility combination at room temperature, but also an outstanding high-temperature 
mechanical properties in particular. The phase formation, microstructure and deformation mechanism of this 
designed dual-phase MEA at room and high temperatures were investigated and discussed in detail. Based on 
experimental results (XRD, SEM and TEM) and theoretical analysis (calculated diagram and empirical thermo
dynamic parameters), it is demonstrated that this newly-designed MEA consists of a dual-phase structure of a 
face-centered-cubic (FCC) phase (70.3 vol %) plus chemically ordered body-centered cubic phase (B2) (29.7 vol 
%). Meanwhile, the FCC phase is enriched with Co, Fe and Cr elements, while the B2 phase is enriched with Al 
and Co elements. Furthermore, compared with some HEAs/MEAs and commercial alloys, this newly-designed 
dual-phase MEA exhibits excellent strength-ductility combination with a high compressive yield strength of 
~1254 MPa, a fracture strength of ~2657 MPa and a large compressive plasticity of ~34.6 % at room tem
perature. In particular, the studied MEA also shows an outstanding high-temperature performance with an ul
trahigh yield strength of ~1213 MPa at 600 ◦C and ~626 MPa at 800 ◦C, respectively. The excellent 
comprehensive mechanical properties of this designed dual-phase MEA at both room and temperatures mainly 
originate from synergy effect of alternate FCC + B2 structure and strengthening contributions of B2 phase. These 
important findings not only reveal the deformation and strengthening mechanisms of the newly-designed dual- 
phase MEA, but also provides an effective alloy design strategy for developing advanced structural materials 
serving as a wide range of temperature.   

1. Introduction

The pursuit for high-strength and ductile structural materials has
always been an everlasting aim in the field of metallurgy for a long time 
[1]. The traditional concept of alloy design is usually based on one or 
two principal elements, which may seriously limit the engineering 
application of alloys [2,3]. In order to achieve excellent balance of 
strength and ductility of metal materials, the traditional concept of alloy 
design is broken and high/medium-entropy alloys (HEAs/MEAs) based 
on multi-principal elements in equal or near-equal atomic ratios were 

proposed almost simultaneously by Yeh et al. [4] and Cantor et al., in 
2004 [5]. As a new class of emerging alloys with a novel alloy design 
concept, most HEAs consist of at least five (or four) principal elements 
together with an atomic concentration of 5%–35 %, which has received 
widespread attention due to their unique properties [6,7], such as high 
strength and hardness [8,9], excellent corrosion resistance [10], etc. 
Usually, simple single face-centered cubic (FCC) and body-centered 
cubic (BCC) solid solutions form in HEAs, instead of complex interme
tallic compounds, which can mainly be ascribed to its high configura
tional entropy effect [4]. However, single-phase HEAs generally show 
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matrix possess good stability so that this alloy maintains a stable FCC 
solid solution structure. thus, to design dual-phase eutectic or near- 
eutectic Co–Al–Fe–V–Cr alloys, a large number of phase diagram cal
culations based on CALPHAD were performed by adjusting the number 
of element atoms in the Co–Al–Fe–V–Cr alloy system. In order to obtain 
an MEA with promising potential applications at room temperature and 
high temperatures, we designed a novel Co68Al18.2Fe6.5V4.75Cr2.55 dual- 
phase MEA, which has alternant dual-phase structure of FCC + B2 
phases. The as-designed dual-phase MEA not only exhibits high room- 
temperature strength and large ductility, but also shows excellent 
high-temperature properties. The mechanical properties of the as- 
designed dual-phase MEA at room temperature and high temperature 
of 600 ◦C and 800 ◦C were investigated in detail in this work. 

2. Experimental procedure

The ingot of the Co68Al18.2Fe6.5V4.75Cr2.55 alloys were fabricated by
arc-melting the mixtures of high-purity constituent elements in a Ti- 
gettered argon atmosphere and the ingot was remelted at least five 
times to ensure chemical homogeneity. Following the last re-melting 
step, the melt was drop-cast in a rectangular copper mold of di
mensions: 60 mm × 10 mm × 5 mm (height × length × width). The as- 
cast MEA was characterized by Bruker D8 X-ray diffractometry (XRD) 
with Cu Kα radiation and the scanning range of 2θ is 20◦–100◦. The 
samples were ground with SiC abrasive papers with grits of 400, 800, 
and 1,200, and finally polished with 0.25-μm-diamond suspension. The 
microstructure and fracture morphology of the as-cast MEA were 
observed by FEI Quanta 250F scanning electron microscope (SEM) with 
SE detector. Corresponding chemical composition of the as-cast 
Co68Al18.2Fe6.5V4.75Cr2.55 alloy determined by SEM-EDX test was listed 
in Table 1. The phase structure and chemical composition of the as-cast 
MEA were characterized by a FEI Talos F200X transmission electron 
microscope (TEM) at a voltage of 200 kV with an energy-dispersive X- 
ray spectroscopy (EDS). Electron back-scattered diffraction (EBSD) 
measurement was conducted on JEOL-JSM-IT800 instruments equipped 
with an Oxford Symmetry S2 detector. The scanning step size and the 
scanning area are 0.16 μm and 60 × 60 μm2, respectively. The nano
indentation tests with the maximum load of 30 mN was conducted on 
KLA-Nano indenter G200 machine. Rectangular specimens with di
mensions of 2 × 2 × 4 mm3 were cut from the as-cast ingot by electric 
discharge machine and tested for room-temperature compression and 
high-temperature compression tests. Room-temperature compression 
tests were conducted on an Instron 5969 universal testing machine at a 
strain rate of 2 × 10 4 s 1. High-temperature compression tests of 
600 ◦C and 800 ◦C were performed on a SUNS-UTM5305H machine 
equipped with a radial heating furnace at a strain rate of 2 × 10 4 s 1. 
To obtain reliable test data and ensure the repeatability of the test, at 
least 3 samples are used for each test. 

3. Results

3.1. Phase identification and microstructure of the as-cast MEA

XRD pattern in Fig. 1 for the as-cast Co68Al18.2Fe6.5V4.75Cr2.55 MEA 
shows characteristic peaks of FCC and BCC phases, indicating that the 
as-cast MEA is a dual-phase microstructure consisting of FCC + BCC 
constituents. Notably, a superlattice peak is observed at 31◦, which is 

Table 1 
Chemical composition of the as-cast Co68Al18.2Fe6.5V4.75Cr2.55 alloy determined 
by SEM-EDX.  

Alloy Chemical composition (at%) 

Co Al Fe V Cr 

The studied alloy 68.83 16.69 6.88 4.79 2.81  

unsatisfactory mechanical performance. For example, CrCoFeNiMn HEA 
with single-phase FCC structure usually exhibit excellent ductility but 
low strength, while HfNbTaTiZr HEA with single-phase BCC structure 
show high strength but low ductility [11,12]. Such simple-phase 
microstructure seriously affects the mechanical properties and the en-
gineering application of HEAs. 

How to overcome the trade-off of the strength and ductility in single- 
phase HEAs is still a huge challenge. Fortunately, the dual-phase HEAs 
containing FCC and BCC phases were proposed, which proved to be 
effective in improving the mechanical properties of HEAs. During the 
deformation process of the dual-phase HEAs, there is a synergistic effect 
in the soft FCC and hard BCC phases, obtaining an excellent matching of 
high strength and large plasticity in HEAs. For example, Lu et al. 
designed an AlCoCrFeNi2.1 eutectic high entropy alloy (EHEA) with 
dual-phase lamellar microstructures combined by soft FCC and hard BCC 
phases [13], which not only shows good liquidity and castability but 
also exhibit excellent mechanical properties, i.e., tensile strength of 944 
MPa and plastic strain with 25.6 %. Moreover, Li et al. reported that a 
metastable dual-phase Fe50Mn30Co10Cr10 HEA was designed by varying 
the Mn content in alloys system to generate transformation-induced 
plasticity (TRIP) [14]. In addition, Shi et al. fabricated a dual-phase 
ultrafine-grained EHEA through severe cold rolling and annealing 
treatment, which exhibited ultimate tensile strength of 1.6 GPa and 
ductility of 14 % [15,16]. However, the design concept of dual-phase 
HEAs is still elusive owing to the complex composition, making it 
difficult to predict the dual-phase structure in HEAs. 

To obtain the dual-phase mixture of FCC/BCC structure, Guo et al. 
proposed that the valence electron configuration (VEC) value of the 
alloy should be in the range 6.87–8 (FCC + BCC) [17]. This is attributed 
to the empirical criterion between the VEC effect and the phase stability 
in solid solution forming HEAs, i.e., BCC phases are stabilized at a lower 
VEC range (<6.87), both FCC and BCC phases exist in the intermediate 
VEC (6.87 < VEC <8.0), while FCC phases are stabilized at a higher VEC 
(>8.0) [17]. Based on the above empirical rules, dual-phase 
FCC/BCC-structured HEAs was successfully designed by adjusting Al 
content in FCC-structured HEAs, accompanied by the VEC values in the 
range of 6.87–8.0 [18,19]. Besides, the mixing enthalpy method, the 
semi-quantitative method based on Calculation of Phase Diagram 
(CALPHAD) and equal molar ratio mixing method, etc. also provide vital 
guidance for the design of dual-phase HEAs [20–23]. 

High-temperature performance is one of engineering applications 
with great promise to dual-phase HEAs [24–26]. Dual-phase HEAs 
commonly exhibit superior strength at high temperatures when two 
phases have a coherent relationship [27,28]. In addition, many com-
mercial alloys with outstanding high-temperature performance are 
based on the strengthen mechanism of second phase to achieve high 
strength at elevated temperature [29,30]. For example, the FCC matrix 
is usually strengthened by fine precipitates of a Ni3(Al, Ti) phase with an 
L12 structure in Ni-based superalloys [31]. Similarly, such microstruc-
ture can appear in some HEAs [32,33]. Recent studies indicated that 
some HEAs possess improved high-temperature performance compared 
with the conventional Ni-based superalloys [34]. Meanwhile, some 
HEAs accompanied by a BCC matrix with embedded B2 precipitates 
exhibit excellent mechanical performance at room and elevated tem-
peratures together with large ductility owing to the reinforcement of 
BCC (B2) phase [35,36]. Thus, some dual-phase HEAs containing BCC 
(B2) phase may possess a promising potential for high-temperature 
applications. 

In this work, we choose Co–Al–Fe–V–Cr as the base alloy system due 
to a large dual-phase region consisting of FCC and B2 phases in this alloy 
system. First, the addition of 18.2 at.% Al element can induce the for-
mation of hard BCC phase, leading to a better synergistic strengthening 
effect. Second, the atomic radius of Al element is larger than that of Co, 
Fe, V and Cr elements, and the addition of Al element can cause larger 
lattice distortion, which can also strengthen this alloy to a certain extent. 
Third, the addition of Co, Fe, V and Cr elements can make the FCC 



identified as the reflection from (100) plane of the cubic structure, 
revealing the existence of an ordered cubic (B2) phase. Furthermore, the 
crystal structure of FCC and B2 phases can be identified. Specifically, the 
space group of an FCC structure and an ordered B2 structure are Fm3m 
(225) and Im3m (229), respectively. Moreover, the lattice parameter of
the major FCC phase is 3.545 Å. And the lattice parameter of B2 phase is
2.876 Å. According to the lattice mismatch equation of δ = 2(αFCC-αB2)/
(αFCC+αB2), the co-existence of FCC matrix and B2 phase exhibits a
lattice misfit about 0.2084.

SEM microstructure of the as-cast Co68Al18.2Fe6.5V4.75Cr2.55 alloy 
showed a grain boundary FCC phase and the grain interior (idiomor
phic) decorated with FCC and B2 phases exhibiting different morphol
ogies (Fig. 2). It should be noted that the FCC phase exhibited two 
different morphologies in the current study, i.e., coarse band-like or 
Widmanstätten-like (Fig. 2(b)) FCC phase formed during solidification 
and ultrafine vermicular or noodles-like structures formed within the B2 
grains. 

Fig. 3 exhibits the representative EBSD maps of the as-cast 
Co68Al18.2Fe6.5V4.75Cr2.55 MEA. Fig. 3(a) shows the grain orientation 
of FCC and B2 structures. Herein, different colors indicate different 
crystal orientations relative to the surface normal and the orientation 
relationship (OR) of FCC and B2 structures was established. Based on the 
EBSD phase map, the volume fractions of FCC and B2 phases are 
measured to be about 70.3 % and 29.7 %, respectively, as shown in 

Fig. 3(b). According to Fig. 3 (c), close-packed plane (CCP) and close- 
packed direction (CCD) have a clear correlation following the 
Kurdjumov-Sachs (KS) orientation relationship [37,38], and here, one of 
the poles matches exactly and the remaining poles are slightly off, 
revealing the semi-coherent relationship between FCC and B2 
structures. 

Fig. 4 exhibits the microstructure and element distributions of Co, Al, 
Cr, Fe and V elements in the as-cast dual-phase Co68Al18.2

Fe6.5V4.75Cr2.55 MEA by scanning transmission electron microscopy 
(STEM) investigations. The high-angle annular dark field scanning 
transmission (HAADF) image in Fig. 4(a) shows the detailed dual-phase 
microstructures consisting of FCC and B2 structures. Fig. 4(b)–(f) ex
hibits the EDS mapping images, revealing that Co, Fe and Cr are 
enriched in FCC phase, while Al is enriched in B2 phase. And V is uni
formly distributed in FCC and B2 phases. Corresponding chemical 
composition of FCC phase and B2 phase was determined by TEM-EDX, as 
listed in Table 2. 

In order to further identify the microstructure of the as-cast dual- 
phase Co68Al18.2Fe6.5V4.75Cr2.55 MEA, TEM observation was performed, 
as shown in Fig. 5. Fig. 5(a) exhibits the bright-field TEM image of the 
as-cast MEA and alternating dual phases can be clearly observed. The 
SAED patterns for the dual phases illustrated in Fig. 5(b) and (d) further 
confirm the FCC phase and B2 phase, which is in agreement with the 
results of XRD pattern in Fig. 1. Moreover, the characterization of FCC/ 
B2 phases was conducted by high-resolution TEM (HR-TEM), as shown 
in Fig. 5(c) and (e). The fast Fourier transformation patterns in the upper 
right corner of Fig. 5(c) and (e) further verify the microstructure of the 
two phases. To determine the relationship of dual phases, the HR-TEM 
image of the inter-phase interface between the FCC and B2 phases is 
shown in Fig. 5(g) and the interface is rough at atomic scale. Further
more, the Fast Fourier transformation (FFT) for the identical inter-phase 
region marked in Fig. 5(g), in which the diffraction spots connected by 
the red and yellow dotted line are the [100] and [101] crystal zone axis 
of the FCC and B2 phases, respectively. Note that the (1,1,-1) spot of the 
FCC phase coincide with the (0,1,1) spot of the B2 phase in Fig. 5(h). 
Hence, the orientation relationship between the two phases is deter
mined to be [11-1]FCC ‖ [011]B2, following the classical Kurdjumov-Sachs 
(KS) relationship [37,38], which is consistent with the results of the pole 
figure analysis of FCC and B2 phases in Fig. 3(c). Fig. 5(i) exhibits the 
relevant inverse FFT (IFFT) image of the identical inter-phase region and 
a semi-coherent interface can be observed, accompanied with many 
lattice misfit dislocations. 

3.2. Mechanical properties of the as-cast dual-phase MEA 

In order to better understand the intrinsic essence of FCC and B2 
phases, the nanoindentation tests was conducted, as shown in Fig. 6. The 
load-displacement curves (Fig. 6(a)) indicate that FCC phase shows a 
larger maximum indentation depth (hmax) than that of B2 phase, which 

Fig. 1. X-Ray Diffraction pattern for the as-cast Co68Al18.2Fe6.5V4.75Cr2.55 dual- 
phase MEA. 

Fig. 2. (a) SEM images of the as-cast Co68Al18.2Fe6.5V4.75Cr2.55 MEA. (b) High-magnification SEM image of the region in white rectangle in (a).  



are 410 nm and 354 nm, respectively. Meanwhile, both the hardness and 
modulus of B2 phase is larger than that of FCC phase, as shown in Fig. 6 
(b). 

To reveal the effect of dual-phase microstructure on the mechanical 
properties of the as-cast Co68Al18.2Fe6.5V4.75Cr2.55 MEA, compression 
tests under room temperature (RT) and high temperature (HT) of 600 
and 800 ◦C were carried out. Fig. 7 shows the compressive engineering 
stress-strain curves of the as-cast MEA at RT and HT, where the 
compressive yield strength, fracture strength and fracture strain of the 
as-cast MEA at RT are 1254 MPa, 2657 MPa and 34.6 %, respectively, 
indicating that the as-cast MEA possesses both high strength and large 
plasticity. Moreover, the compressive yield strength of the as-cast MEA 
at 600 ◦C and 800 ◦C are 1213 MPa and 626 MPa, respectively. The 
comparison of the compressive performance of the as-cast MEA at RT 
and HT with that of some common HEAs/MEAs and commercial alloys 
reported in literatures [39–57] is shown in Fig. 8. Fig. 8(a) indicates that 
the as-cast MEA exhibits excellent compressive mechanical properties at 
RT compared with some reported MEAs and commercial alloys, while 
Fig. 8(b) displays that the as-cast MEA exhibits superior 
high-temperature performance. For example, the compressive yield 
strength of the as-cast MEA at 600 ◦C is 1213 MPa, which is slightly 
lower than that of at RT. Similarly, the as-cast MEA exhibits a high yield 
strength of 626 MPa at 800 ◦C. Therefore, the as-cast MEA designed in 
this work not only exhibits the synergy of high yield strength and large 
plasticity, but also embraces distinguished high-temperature mechani
cal properties over a wide temperature range, possessing a promising 
potential for practical engineering applications at elevated 
temperatures. 

For a better understanding of the fracture behavior and mechanism 

of the as-cast Co68Al18.2Fe6.5V4.75Cr2.55 MEA at room temperature, the 
representative fracture morphology of the as-cast MEA after room- 
temperature compression was presented in Fig. 9. Fig. 9(a) shows the 
low-magnification fracture morphology of the as-cast MEA and both 
ductile and brittle characteristics can be observed simultaneously. For 
example, river-like patterns, flat surface and dimples appear simulta
neously on the fracture surface (Fig. 9(b)) [61,62]. Similarly, Fig. 9(c) 
shows the laminar and dimple fracture features, which indicates the 
coexistence of ductile fracture and brittle fracture [63]. Specifically, it 
can be inferred from Fig. 9(d) that the rough lamellar features con
taining dimples are derived from the soft FCC phase, while the smooth 
lamellar features are derived from the hard B2 phase. 

4. Discussion

4.1. Phase formation

The prediction of phase formation is vital for the composition design 
of MEAs. To predict the phase formation, some empirical parameters 
were proposed [63–67], such as the atomic size difference (δ), the 
mixing entropy (ΔHmix), the mixing enthalpy (ΔSmix), average valence 
electron concentration (VEC), the relationship between mixing entropy 
and enthalpy (Ω) and the electronegativity difference (Δχ), which were 
defined by Eqs. (1)–(6), respectively. 

ΔHmix =
∑n

i=1,i∕=j

Ωijcicj =
∑n

i=1,i∕=j

4ΔHmix
ij cicj (1)  

where n is the number of elements in the alloy. ci and cj are the atomic 

Fig. 3. EBSD maps of the as-cast dual-phase MEA. (a) Grain orientation map of FCC and B2 structures. (b) Phase map pf the as-cast MEA revealing the presence of 
FCC (yellow) and B2 (blue) phases. (c) Pole figure analysis of FCC (yellow) and B2 (blue) phases. 



percent of the ith and jth elements, respectively. ΔHmix
ij is the mixing 

enthalpy between the ith and jth elements. 

ΔSmix = R
∑n

i=1
ci ln ci (2)  

where R is the gas constant (8.314 J K 1 mol 1). 

VEC=
∑n

i=1
ci(VEC)i (3)  

where (VEC)i is the valence electron concentration for the ith element. 

δ=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
ci

(
1

ri

r

)2
√

, r=
∑n

i=1
ciri (4)  

where ri and r are the atomic radius of ith element and the average 
atomic radius of the alloy elements, respectively. 

Ω=
TmΔSmix

|ΔHmix|
,Tm =

∑n

i=1
ci(Tm)i (5)  

where (Tm)i the melting point of the ith element. 

Δχ =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
ci(χi χ)2

√

(6)  

where χ =
∑n

i=1ciχi, And χi is the Pauling electronegativity for the 
ith element. 

According to Eqs. (1)–(6), the ΔHmix, ΔSmix, VEC, δ, Ω and Δχ of the 
studied alloy can be calculated, as listed in Table 3. 

Based on the above thermodynamic parameters, some empirical 
rules of phase prediction have also been proposed. For example, Guo 
et al. proposed that BCC phase is stable when VEC ≥8.0, BCC phase is 
stable when VEC ≤6.87, while FCC and BCC phases coexist when 6.87＜
VEC＜8 [17]. Moreover, the δ-ΔHmix model was proposed to predict the 
formation of solid solution phase, i.e., when δ < 6.6 % and 11.6 <
ΔHmix < 3.2 kJ/mol, the simple solid-solution phase is formed [68]. 
Meanwhile, the δ-Ω model can be used to predict the formation of solid 
solution phase, i.e., when Ω ≥ 1.1 and δ ≤ 6.6 %, the solid solution phase 
is formed [64]. Generally, the alloy tends to form an MEA when 0.69R ≤
ΔSmix ≤ 1.61R, which have been widely used and highly recognized [69, 
70]. 

According to the calculated thermodynamic parameters of the 
studied alloy illustrated in Table 2, the δ and ΔHmix of the as-designed 
MEA are 5.48 % and 13.03 kJ mol 1, respectively. Fig. 10(a) ex
hibits the comparison between ΔHmix and δ for the as-designed MEA and 
other HEAs/MEAs systems, indicating the emergence of multiphase in 
the as-cast alloy. Moreover, Fig. 10(b) shows the relationship between 
VEC and the FCC/B2 phases stability for the as-designed HEA and other 
HEAs/MEAs systems. It can be found that the calculated VEC of the 
studied alloy is exactly between 6.87 and 8, revealing the formation of 
dual-phase [17]. The calculated phase diagram from CALPHAD Fig. 11 
indicates that the primary B2 phase solidifies from the liquid at 1380 ◦C. 
Subsequently, at about 1350 ◦C, the FCC phase precipitates from the 
liquid. Therefore, on the basis of these thermodynamic parameters and 

Fig. 4. High-angle annular dark-field (HAADF) and STEM-EDS mapping images of the as-cast dual-phase Co68Al18.2Fe6.5V4.75Cr2.55 MEA. (a) HAADF image. (b)–(f) 
Elemental distribution maps of Co, Al, Fe, V, Cr, respectively. 

Table 2 
Chemical composition of FCC phase and B2 phase the as-cast Co68Al18.2

Fe6.5V4.75Cr2.55 alloy detected by TEM-EDX.  

Phases Chemical composition (at%) 

Co Al Fe V Cr 

FCC 74.15 10.53 7.75 4.32 3.25 
B2 66.73 19.16 6.71 5.22 2.18  



calculated phase diagram, it can be concluded that the formation of FCC 
and B2 phases in the as-designed Co68Al18.2Fe6.5V4.75Cr2.55 alloy cor
relates well with the partial phase diagram showing that only stable 
phases formed during the solidification process. 

4.2. Strengthening mechanism 

The mechanical properties of MEAs are closely related to their phase 

composition and microstructure [76]. For the as-cast MEA, its excellent 
comprehensive mechanical properties at room temperature and high 
temperature (Fig. 7(a) and (b)) is attributed to the cooperative defor
mation of the soft FCC and hard B2 phases. During deformation, after the 
soft FCC and hard B2 phases co-deformed elastically, plastic deforma
tion would occur firstly in the soft FCC phase. And yet the soft FCC phase 
matrix cannot undergo plastic deformation freely due to the constraint 
by the surrounding hard B2 phase [77]. In order to maintain the strain 

Fig. 5. TEM images of the as-cast dual-phase Co68Al18.2Fe6.5V4.75Cr2.55 MEA. (a) TEM-BF microstructure of the as-cast dual-phase MEA. (b) Selected-area electron 
diffraction (SAED) pattern of FCC phase. (c) HR-TEM image of FCC phase. The inset is SAED pattern of FCC structure with the zone [1,1,0] axis. (d) SAED pattern of 
B2 phase. (e) HR-TEM image of B2 phase. The inset is SAED pattern of B2 structure with the zone [1,0,0] axis. (f) The interface between FCC and B2 phases. (g) HR- 
TEM image of FCC/B2 phase interfaces from the region marked in blue in (f). (h) The Fast Fourier transformation (FFT) for the interface between FCC and B2 phases 
marked in (f). (i) The inverse fast-Fourier-transformed (IFFT) images of the HR-TEM image of area marked by a blue box in (f) (symbol “⊥” means a dislocation). 

Fig. 6. (a) Load-displacement graph obtained from nanoindentation test for FCC and B2 phases. (b) Comparison of hardness and modulus of FCC and B2 phases.  



continuity, the plastic-strain gradients exist in the soft FCC matrix near 
interfaces, leading to the storage of geometrically necessary dislocations 
[78]. Thus, a long-range back-stress generated in this process, making 
dislocations difficult to move in soft FCC matrix until hard B2 phase 
begin to yield deformation [79]. Moreover, some coarse FCC grains is 
simultaneously surrounded by the intergranular B2 phase, resulting in 
the occurrence of the same back-stress [80]. Therefore, under the 
constraint of hard B2 grains, the FCC grains seem to be much stronger, 
generating so-called synergetic strengthening and significantly 
increasing the yield strength [81]. After yielding, both the soft FCC and 
hard B2 phase will deformation plastically. However, the FCC matrix 
undergoes more plastic strain than hard BCC matrix, causing the 
occurrence of further strain gradients. At this point, the strain gradients 
exist in both FCC and BCC matrix, further elevating the strain gradients 
and requiring more geometrically necessary dislocations [81]. And the 
back-stress hardening is further enhanced. Based on this theory, such 
strain gradients and back-stress hardening will significantly contribute 
to the observed high strength and large ductility together [82]. In 
addition, semi-coherent orientation relationship between FCC phase and 
B2 phase (Fig. 5(i)) hinders the dislocation slip, further enhancing the 
strength of the as-cast MEA. Meanwhile, the as-cast MEA shows a large 

compressive plasticity of 34.6 %, which is ascribed to a high-volume 
fraction of soft FCC phase (70.3 %) with high number of slip planes. 
Therefore, the proper combination of FCC and B2 phases in MEA can 
obtain outstanding mechanical properties, effectively breaking the 
trade-off of strength and plasticity. In particular, as the test temperature 
increases from room temperature to 600 ◦C, the yield strength of the 
as-cast MEA does not decrease significantly, which indicates that the 
as-cast MEA has high thermal stability and high-temperature strength. 
Superior high-temperature performance of the as-cast MEA is mainly 
attributed to the existence of ordered B2 phase. It is well known that B2 
phase retain nearly constant strength level at temperatures from room 
temperature to about ~0.4 Tm (melting temperature), while an obvious 
decrease of yield strength occurs at higher temperatures [83,84]. Ac
cording to the calculated phase diagram (Fig. 10), the value of 0.4Tm of 
the as-designed MEA can be estimated as ~552 ◦C, which is associated 
well with the observed preservation of high strength at temperatures up 
to 600 ◦C (Fig. 7(b)). The existence of B2 phase effectively suppresses the 
nucleation and propagation of microcracks, contributing to high 
strength and ductility at high temperature [85,86]. When the test tem
perature is 800 ◦C, the yield strength of the as-cast MEA is reduced to 
626 MPa, outperforming most HEAs and some commercial alloys (Fig. 8 
(b)). This is attributed to that the strain energy stored between FCC and 
B2 phases in the process of deformation provides the driving force for 
dynamic recovery and recrystallization at higher temperatures due to 
the difference in hardness of the two constituent phases [87,88]. In 
addition, compared with the compression ductility at room temperature, 
the studied MEA tested at 600 ◦C exhibits a reduced ductility, which may 
be due to lowered strain hardening rate, grain boundary embrittlement 
and dynamic-strain aging induced stress instability [89–92]. Specif
ically, the studied alloys may undergo aging treatment and oxygen tends 
to invade the grain boundary during the compression tests at 600 ◦C, 
triggering the formation some brittle phases. At higher temperature (e. 
g., 800 ◦C), the continuous dynamic recrystallization and dislocation 
annihilation effectively relieve stress concentration and prevent micro
crack formation at grain boundaries, thus the studied MEA deforms 
more easily and strain become softening [93,94]. Corresponding 
deformation mechanism at the high temperature will be studied more 
detailly in future work. 

5. Conclusions

In conclusion, we designed a novel dual-phase Co68Al18.2

Fe6.5V4.75Cr2.55 MEA with FCC + B2 structure, which not only exhibits 
an excellent strength-ductility combination at room temperature, but 
also presents an outstanding high-temperature mechanical properties in 

Fig. 7. Mechanical performance of the as-cast Co68Al18.2Fe6.5V4.75Cr2.55 MEA 
under compression tests at room temperature and high temperature of 600 
and 800 ◦C. 

Fig. 8. (a) Yield strength versus fracture strain of the as-cast Co68Al18.2Fe6.5V4.75Cr2.55 MEA in comparison with some common MEAs and commercial alloys [39–55]. 
(b) Comparison between yield strength of the as-cast MEA and some common HEAs/MEAs and commercial alloys as a function of temperature [56–60].



Fig. 9. (a) and (c) Representative fracture morphologies of the as-cast Co68Al18.2Fe6.5V4.75Cr2.55 HEA after room-temperature compression. (b) and (d) are the high- 
magnification images marked in black dotted box in (a) and (c), respectively. 

Table 3 
The calculated thermodynamic parameters of the studied Co68Al18.2Fe6.5V4.75Cr2.55 MEA.  

Alloy ΔHmix kJ⋅mol 1 ΔSmix 

J⋅K 1⋅mol 1 
VEC δ 

% 
Ω Δχ Tm 

K 

Co68Al18.2Fe6.5V4.75Cr2.55 13.03 8.22 7.58 5.48 1.04 0.11 1647  

Fig. 10. (a) Comparison between ΔHmix and δ for the as-designed Co68Al18.2Fe6.5V4.75Cr2.55 MEA and other HEAs/MEAs systems [71]. (b) Relationship between VEC 
and the FCC/BCC phases stability for the as-designed HEA and other HEA systems [72–75]. 



particular. The phase formation, microstructure and mechanical be
haviors of the designed dual-phase MEA at room and high temperatures 
were investigated and discusses systematically. In detail, the newly 
designed MEA shows a dual-phase structure containing FCC phase (70.3 
vol %) plus B2 phase (29.7 vol %), which is demonstrated by experi
mental methods (XRD, SEM and TEM) and theoretical analysis (calcu
lated diagram and empirical thermodynamic parameters). The FCC 
phase is enriched with Co, Fe and Cr elements, while the B2 phase is 
enriched with Al element. And V is uniformly distributed in FCC and B2 
phases. Furthermore, the as-designed MEA shows excellent compre
hensive mechanical properties with a high compressive yield strength of 
~1254 MPa, a fracture strength of ~2657 MPa and a large compressive 
plasticity of ~34.6 % at room temperature. In particular, an ultrahigh 
yield strength of ~1213 MPa at 600 ◦C and 626 MPa at 800 ◦C can be 
obtained in this studied MEA. The outstanding mechanical performance 
of this designed MEA at both room and temperatures mainly originate 
from synergy effect of alternate FCC + B2 structure and strengthening 
contributions of B2 phase. These important findings not only reveal the 
deformation and strengthening mechanisms of dual-phase MEA, but also 
provides an effective alloy design strategy for developing advanced 
structural materials serving as a wide range of temperature. 
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