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NiAl-based alloys possess desirable characteristics such as lightweight, high modulus, and excellent oxi-
dation resistance, making them promising materials for aerospace and other applications. However, the
limited room-temperature plasticity of NiAl alloy hinders its manufacturing and practical use. The
incorporation of Mo and Co through alloying treatment can significantly enhance the room-temperature
plasticity of NiAl-based alloys. A series of eutectic high-entropy alloys, (NiAl)65V20Cr10Mo52xCox (x = 0, 1,
2, 3, 4, and 5), were fabricated through non-consumable vacuum melting. The influence of Co and Mo
contents on the microstructure and mechanical properties of these alloys was investigated. The findings
indicate that the phase composition of the alloy remains unaffected by the presence of Mo and Co in its
content. With an increase in Co content and a decrease in Mo content, the primary B2 phase gradually
increases in the alloy, leading to a microstructural transition from complete eutectic structure (x = 0) to
hypoeutectic structure (x > 1). The strength of the alloy exhibits an initial increase followed by a decrease.
At low Co contents, the fracture strength and strain of the alloy experience significant enhancement.
(NiAl)65V20Cr10Mo3Co2 demonstrates superior compressive properties, with its yield strength, fracture
strength, and plasticity reaching 1761 MPa, 3009 MPa, and 33.5%, respectively. The changes in the
mechanical properties of alloys are primarily attributed to solid solution strengthening, lattice misfit, fine
crystal strengthening, and relative variations in phase content.
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1. Introduction

Cantor and Yeh (Ref 1, 2) reported a type of alloy with high
configurational entropy-high-entropy alloys (HEAs) in 2004,
which are composed of equal proportions of five or more major
elements. Early high-entropy alloys mainly referred to single-
phase structures. Similar to traditional alloys, these materials
also faced the challenge of matching strength and ductility. For
instance, high-entropy alloys featuring single-phase FCC
structures exhibit favorable ductility but limited strength (Ref
3, 4), whereas those with single-phase BCC structures possess
high strength yet poor plasticity (Ref 5). Furthermore, element
segregation can result in inadequate castability and uneven

microstructure distribution within high-entropy alloys (Ref 6-
8).

To address the limitations of traditional high-entropy alloys,
Lu proposed the concept of eutectic high-entropy alloys (Ref
9), which exhibit low-energy phase boundaries, controllable
microstructures, high fracture strength, and excellent creep
resistance at elevated temperatures. Additionally, isothermal
transformation during solidification (without a temperature
range) reduces element segregation and ingot shrinkage in
eutectic alloys. Therefore, eutectic high-entropy alloys can
complement the advantages and disadvantages of single-phase
structures, achieving a balance between fracture strength and
ductility for designing and applying strong-plasticity-matched
high-entropy alloys with infinite possibilities. Based on the
potential high-temperature creep resistance, thermal stability,
and anti-softening properties of eutectic high-entropy alloys,
researchers have developed various types (Ref 10-16).

NiAl-based alloys exhibit low density, high melting point,
excellent thermal conductivity, and exceptional oxidation
resistance, rendering them a highly promising material for
high-temperature applications (Ref 17, 18). Despite its high
strength in the long-term ordered crystal structure of B2 phase,
poor ductility at room temperature (Ref 19, 20) severely limits
the application of NiAl alloy. In order to enhance the
mechanical properties of NiAl, various methods have been
employed by researchers to develop a range of NiAl-based
alloys and composites (Ref 21-27). Among these approaches,
incorporating alloying elements such as V, Cr, and Mo into the
NiAl matrix can significantly enhance its plasticity and strength
(Ref 28-30).
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The concept of eutectic high-entropy alloy also offers a
novel design direction for researchers. In the initial stage, the
research group incorporated the notion of high-entropy alloy
into NiAl-based alloys and devised a new type of
(NiAl)65V20Cr10Mo5 eutectic high-entropy alloy based on the
infinite solid solution strategy (Ref 31). This alloy exhibits a
B2/BCC structure as a eutectic high-entropy alloy. The eutectic
layer comprises both the B2 phase and the BCC phase,
accompanied by nanometer-sized precipitates in these two
phases. Compared to most NiAl-based alloys, this particular
alloy demonstrates superior comprehensive mechanical prop-
erties. Co is a highly soluble metal in NiAl alloys, and when its
content reaches a certain level, it can effectively coordinate the
deformation between adjacent grains, thereby achieving supe-
rior plasticity (Ref 32). Additionally, Co can reduce the
interlamellar spacing between phases in NiAl-based alloys,
significantly enhancing their compressive strength (Ref 33). Mo
and NiAl can form eutectic alloys, improving the room-
temperature plasticity of NiAl-based alloys, and their interlayer
spacing is related to Mo content (Ref 34). The CoCrFeNi alloy
system has shown that the synergistic alloying of Co and Mo
can effectively enhance mechanical properties and achieve a
favorable balance between strength and ductility (Ref 35).
However, research on the synergistic alloying of Co and Mo in
NiAl-based alloys is relatively limited. Therefore, based on the
previous research (Ref 23), this study performs Co alloying for
(NiAl)65V20Cr10Mo5 and adjusts the Co and Mo content in the
eutectic high-entropy alloy of (NiAl)65V20Cr10Mo5, aiming to
systematically investigate the influence of synergistic Co and
Mo alloying on the microstructure and mechanical properties of
(NiAl)65V20Cr10Mo5.

2. Experimental Methods

The (NiAl)65V20Cr10Mo5�xCox (x = 0, 1, 2, 3, 4 and 5)
eutectic high-entropy alloys were prepared through vacuum arc
melting in a high-vacuum argon atmosphere using Ni, Al, V,
Mo, Cr and, Co with a purity level exceeding 99.95%. For the
sake of convenience, the alloys are denoted as Co-0, Co-1, Co-
2, Co-3, Co-4, and Co-5 for brevity. To prevent residual
oxygen, titanium is utilized for pre-melting oxygen absorption
and each alloy ingot undergoes six rounds of melting and
flipping to ensure a uniform composition. Microstructural
characterization and mechanical performance testing were
conducted by cutting samples (A5 mm 9 6 mm) from the
alloy ingot using wire cutting. The polished samples were
analyzed for phase identification from 20� to 90� using the
Ultima IV multifunctional x-ray diffractometer (XRD) under
Cu-Ka radiation (k = 1.5418 Å). The microstructure of the
samples corroded with aqua regia (nitric acid/hydrochloric
acid = 1:3 (V%)) was characterized using a scanning electron
microscope (SEM) and an energy-dispersive x-ray spectrometer
(EDS). The room-temperature compression test was conducted
using an electronic universal testing machine (WDW-100E) at a
strain rate of 10�3 s�1. Three samples were tested for each
alloy to determine the average value. To minimize measure-
ment errors, each sample underwent six repetitions of Vickers
hardness testing (MH-6L) under a load of 100 N for 10 s.

3. Results and Discussion

3.1 Phase Composition and Microstructure

Figure 1 illustrates the x-ray diffraction patterns of
(NiAl)65V20Cr10Mo5�xCox (x = 0, 1, 2, 3, 4, and 5) alloys,
indicating that Co and Mo variations did not result in new
phases; all studied alloys consisted of BCC and B2 phases. The
enlarged image of BCC diffraction peaks at 72.5�–77.5� is
depicted in Fig. 1(b). With an increase in Co content, the BCC
diffraction peak of the alloy shifts toward a higher angle. In
accordance with the Bragg equation, the lattice constant of the
alloy gradually decreases. The lattice parameters of the B2
phase in the alloy decrease with increasing Co content, as
shown in Table 1. Notably, B2 and BCC exhibit similar lattice
constants, indicating a lower degree of lattice misfit between
the two phases. The formula for calculating lattice misfit is (Ref
36): d = |2(a1 � a2)|/(a1 + a2), where a1 and a2 represent the
lattice constants of the two phases in the alloy.

Figure 2 displays the BSE microstructure of NiAl-based
alloys with varying Co and Mo contents. The Co-0 sample
exhibits a typical eutectic structure, where eutectic dendrites
consist of alternating thin sheets of BCC and B2 phases that
radiate from the center to the boundaries of crystal cells or
dendrites. The interior region displays regular lamellar struc-
tures with fine layers, while the boundary region exhibits
irregular coarse lamellar eutectic structures. This is because the
eutectic structure at the grain boundary is influenced by the
thermal energy released during solidification from the pre-
eutectic cluster, which is a common microstructural character-
istic in eutectic high-entropy alloys (Ref 9, 31). From Co-0 to
Co-1 alloys, it was observed that the regular interlayer spacing
in the eutectic cell increased from 0.45 nm to 0.75 nm, and
there was a noticeable coarsening of irregular layers at the
eutectic cell boundary with some layer orientations changing.
During solidification of the Co-2 alloy, the B2 phase precip-
itates as the primary crystal while the remaining liquid
undergoes eutectic transformation near it to form regular
lamellar structures that extend outward to the boundary where
they become irregular lamellar eutectic structures. With the
further increase in Co addition, the distribution of the primary
B2 phase gradually increases in Co-3, Co-4, and Co-5.
Additionally, there is a sequential enlargement observed in

Fig. 1 (a) XRD patterns of (NiAl)65V20Cr10Mo5�xCox (x = 0, 1, 2,
3, 4, and 5) alloys, (b) 74�–76� enlarge image
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both regular and irregular interlayer spacing. To visually
demonstrate these changes in the primary phase and regular
interlayer spacing, the measurement results are presented in
Table 3. The study revealed that both Co and Mo have the
ability to refine the eutectic interlamellar spacing in NiAl-based
alloys (Ref 33, 34). However, an increase in Co content and a
decrease in Mo content resulted in larger regular and irregular
interlamellar spacings. Therefore, it can be concluded that Mo
has a stronger impact on refining the lamellar structure of NiAl-
based alloys compared to Co.

Based on the point energy spectrum results presented in
Table 2, it can be inferred that the gray-white BCC phase is
enriched with V, Cr, and Mo (with x = 5 being rich in V and
Cr), while the black B2 phase exhibits a high concentration of
Ni and Al. The comparable Co content observed in both phases
suggests that Co has similar solubility characteristics in NiAl
and VCrMo. Meanwhile, as the Co content increases, the
overall VCrMo content forming BCC solid solution decreases,
thereby facilitating the transformation of eutectic structure to

hypoeutectic structure, which is in line with the findings from
BSE analysis. With the increase in Co, the concentrations of Ni
and Al in the NiAl phase gradually decrease, suggesting that Co
may occupy either Ni or Al sites (Ref 37). The position
preference of Co in NiAl has been extensively investigated by
numerous researchers (Ref 38-40), revealing a tendency for Co
to replace the position occupied by Ni. The data presented in
Table 2 also demonstrate the limited solubility of Mo in the B2
phase, a phenomenon that has been observed repeatedly in
NiAl-Cr(Mo) alloys (Ref 13, 23, 26). This further confirms the
reduction of Mo content and its role in promoting the
transformation from eutectic to hypoeutectic alloy (with the
B2 phase as the primary crystal).

In order to select appropriate elements from a wide range of
options and determine the proportions of each element, thus
achieving a suitable composition for preparing high-entropy
alloy systems with exceptional performance, researchers have
summarized and proposed structural formation rules and
criteria for high-entropy alloys based on thermodynamic
parameters, valence electron concentration (VEC), and atomic
size mismatch (dr). The calculation formula is as follows:

VEC ¼
Xn

i¼1

ci VECð Þi ðEq 1Þ

X ¼ TmDS= DHj j; Tm ¼
Xn

i¼1

ci Tmð Þi ðEq 2Þ

DSmix ¼ �R
Xn

i¼1

ci ln cið Þ ðEq 3Þ

DHmix ¼
Xn

i¼1;i6¼j

4DHijcicj ðEq 4Þ

dr ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Xn

i¼1

ci 1� ri
r

� �2
s

; r ¼
Xn

i¼1

ciri ðEq 5Þ

In the formula, R is the gas constant, n is the number of atoms, r
is the average atomic radius, ci, ri, DHij, Tmð Þi and VECð Þi,
respectively, represent atomic percentages, atomic radii, mixed
enthalpies of elements i and j, melting points and valence
electrons.

Yang (Ref 41) employed the X parameter to distinguish
between the solid solution phase (SS) and intermetallic
compound phase (IM), when 1.1 £ X £ 10 and 3.6% £ dr
£ 6.6%, the alloy comprises both intermetallic compounds
and a solid solution phase. However, in this study, the X value
falls outside this range, possibly due to an excessively negative
mixing enthalpy within the alloy composition. As per the
calculation formula, a higher absolute value of mixing enthalpy
leads to a smaller computed value for X. The thermodynamic
parameters of the eutectic high-entropy alloy system, as studied
by Li et al. (Ref 42), indicate that when the entropy of mixing is
low (DSmix < 12 J/k mol) and the mixing enthalpy is very
negative (� 20 kJ/mol < DHmix < � 14 kJ/mol), the con-
stituent phases of the eutectic high-entropy alloy tend to form a
B2 ordered structure. However, this criterion cannot determine
whether a BCC solid solution exists in the alloy. Guo (Ref 43)
proposed that the formation of a BCC structure solid solution in
the alloy occurs when VEC £ 6.87. Since the criterion

Table 1 Lattice parameters and lattice misfit of
(NiAl)65V20Cr10Mo52xCox alloys

Alloys

Lattice parameters, Å Lattice misfit

BCC B2 |d|

Co-0 2.959 2.886 0.0249
Co-1 2.931 2.881 0.0172
Co-2 2.904 2.880 0.0083
Co-3 2.893 2.877 0.0055
Co-4 2.887 2.877 0.0034
Co-5 2.863 2.875 0.0042

Fig. 2 BSE-SEM images of (NiAl)65V20Cr10Mo5�xCox: (a) Co-0,
(b) Co-1, (c) Co-2, (d) Co-3, (e) Co-4, (f) Co-5
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classifies the B2 phase as a BCC solid solution, it can be
applied for phase prediction of the alloy in this study.

3.2 Room-Temperature Mechanical Properties

Figure 3 illustrates the variation in hardness of
(NiAl)65V20Cr10Mo5�xCox alloy with varying Co content. By
combining Table 3 and Fig. 3, it is evident that the addition of
Co promotes an increase in the B2 phase within the alloy and
also leads to a rise in the B2 phase hardness as Co content
increases, with Co-5 hardness reaching the maximum value of
715HV. According to the findings of researchers (Ref 13, 23,
26) and the point energy spectrum results presented in Table 2,
it is evident that the solid solubility of Mo in NiAl exhibits a
relatively small magnitude. Thereby, the influence of Mo
reduction within the alloy system on lattice distortion in NiAl
can be considered practically negligible. The significant
difference in atomic radius between Co and Al results in the
B2 phase hardness being strengthened by the solid solution
strengthening effect of Co. As the B2 phase has higher hardness
compared to the eutectic (BCC + B2 phase) structure, it acts as
a reinforcing component within the alloy. Therefore, an
increase in B2 phase content is expected to correspondingly
enhance alloy strength.

The strength of the alloy, however, does not exhibit a
consistently increasing trend overall; it initially rises before
subsequently declining. The engineering stress–strain curves
for (NiAl)65V20Cr10Mo5�xCox (x = 0, 1, 2, 3, 4, and 5) eutectic
high-entropy alloys are presented in Fig. 4. Co-0 exhibits a
yield strength of 1470 MPa, fracture strength of 2410 MPa, and
plasticity of 24.5%. The compressive strength of the alloy
initially increases significantly with an increase in Co content,
reaching its maximum value at Co-2 with a yield strength of
1761.9 MPa and a fracture strength of 3009.9 MPa, while
exhibiting plasticity of 33.5%. As the Co content further
increases, there is a decline observed in the overall mechanical
properties of the alloy. Please refer to Table 4 for specific data.
However, overall, through the synergistic alloying effect of Mo
and Co, the comprehensive mechanical properties of NiAl-

based alloys are superior to those of single alloying using Mo
or Co.

The mechanical properties of alloys can be analyzed from
multiple perspectives. (a) Lattice misfit. The increase in Co
content and a decrease in Mo content, result in a variation of the
lattice misfit between BCC and B2 phases, which initially
decreases and then increases. This reduction in lattice misfit
contributes to the alleviation of lattice strain and strain energy,
thereby enhancing the structural stability of the alloy and
improving the strength and plasticity of the alloy (Ref 44, 45).
(b) Solid solution strengthening. Compared to occupying the
lattice sites of Al in the B2 phase, Co occupying the Ni
sublattice is more likely to induce vacancy formation. Under
the dual effects of replacement defects and vacancy defects, the
alloy undergoes significant hardening after lattice distortion
(Ref 46). This increases the dislocation density and strength of
the alloy while decreasing its plasticity. (c) Grain refinement. In

Table 2 Chemical composition of BCC and B2 phase in the (NiAl)65V20Cr10Mo52xCox alloys

Alloys Region Ni, at.% Al, at.% V, at.% Cr, at.% Mo, at.% Co, at.%

Co-0 Eutectic 32.43 31.17 20.14 10.43 5.82 …
BCC 15.26 14.90 40.33 21.12 8.38 …
B2 43.39 41.76 10.35 4.15 0.48 …

Co-1 Eutectic 32.21 31.82 20.42 9.82 4.64 1.09
BCC 13.04 16.04 40.61 20.92 8.36 1.03
B2 42.96 41.97 9.35 4.23 0.36 1.13

Co-2 Eutectic 32.41 32.26 19.52 9.94 4.00 1.86
BCC 13.79 15.36 40.9 20.21 7.82 1.92
B2 42.35 41.54 9.93 3.87 0.49 1.82

Co-3 Eutectic 32.41 32.25 19.67 9.87 2.74 3.07
BCC 13.76 15.05 42.01 22.22 3.87 3.09
B2 41.91 39.90 10.35 4.26 0.52 3.06

Co-4 Eutectic 32.01 32.30 19.74 10.35 1.45 4.15
BCC 14.11 14.63 42.69 21.8 2.73 4.04
B2 41.37 39.13 10.62 4.43 0.38 4.07

Co-5 Eutectic 32.53 32.48 19.92 10.09 … 4.98
BCC 15.89 16.13 40.51 22.43 … 5.04
B2 40.88 39.30 10.69 4.22 … 4.91

Fig. 3 Relationship between Co addition and microhardness in
(NiAl)65V20Cr10Mo5�xCox
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general, the refinement of grain size can enhance the strength
and ductility of alloys. This is due to an inverse relationship
between interlayer spacing size and volume fraction of grain
boundaries, indicating that smaller grains increase interfacial
anti-slip ability near these boundaries (Ref 47, 48). However,
the addition of Co leads to a gradual increase in eutectic cluster
interlayer spacing and a decrease in anti-slip ability at grain
boundaries, ultimately weakening the alloys’ strengthening
effect. (d) B2 phase change. As a strengthening phase in the
alloy system, the compressive strength of the alloy increases
significantly with the increase in the primary B2 phase from
Co-0 to Co-2. However, when the Co content exceeds 2 at.%,
the compressive properties of the alloy begin to decline due to
the high strength and intrinsic low plasticity of the B2 phase.
Similarly, the hardness and strength of certain eutectic high-
entropy alloys increase with an increase in primary phase
content after the alloy transforms from eutectic to hypoeutectic,

while the fracture strain decreases (Ref 49, 50). The aforemen-
tioned factors contribute to the optimal comprehensive
mechanical properties of Co-2 alloy.

The compressive performance of typical NiAl-based high-
entropy alloys and Co-containing high-entropy alloys (Ref 13-
15, 23, 33, 49-58) is illustrated in Fig. 5. Both Ni1.2Al-
20V10Cr5Mo (Ref 49) and NiAl-Mo10Cr10V10Fe10 (Ref 15)
possess a BCC + B2 structure. Although their strength is
marginally higher than that of Co-2 alloy, Co-2 exhibits
superior fracture strain which is approximately three times
greater than the former two alloys. While the yield strength of
CoCrFeNiNb0.8 (Ref 53), NiAl-Mo10Cr10V10Fe10 (Ref 15),
and NiAl-32Cr-6Mo-3Nb (Ref 58) exceeds 1800 MPa, Co-1,
Co-2, and Co-3 exhibit higher fracture strength and fracture
strain. On the other hand, Cr1.25FeNi1.75A l (Ref 56) and NiAl-
30Cr-5Mo-1Co (Ref 33) demonstrate better plasticity but lower
fracture strength compared to Co-2 by nearly 900 MPa.
Furthermore, AlCoCrFeNi (Ref 54) alloy has added a large
amount of Co as the main element, and adding a small amount
of Co in this article can achieve the combination of high
strength and plasticity, which means that the alloys studied in
this article is a new type of structural material with broad
application prospects.

4. Conclusion

The incorporation of Co into NiAl-based eutectic high-
entropy alloys was carried out to achieve synergistic alloying of
Co and Mo in the NiAl-based alloys. A series of eutectic high-

Table 3 Phase volume fraction and lamellar spacing in (NiAl)65V20Cr10Mo52xCox

Alloys Co-0 Co-1 Co-2 Co-3 Co-4 Co-5

B2 phase (V%) 50.4 53.7 55.4 57.1 59.0 61.4
BCC pahse (V%) 49.6 46.3 44.6 42.9 41.0 38.6
Lamellar spacing (lm) 0.45 0.75 0.81 0.99 1.34 1.49

Fig. 4 Compressive stress–strain curve of
(NiAl)65V20Cr10Mo5�xCox at room temperature

Table 4 Calculation results of physical parameters of
(NiAl)65V20Cr10Mo52xCox alloys

HEAs Ddr, % VEC DHmix, kJ/mol DSmix, J/k mol X

Co-0 5.92 6.13 � 18.82 11.51 0.86
Co-1 5.94 6.16 � 19.04 11.72 0.85
Co-2 5.97 6.19 � 19.26 11.79 0.84
Co-3 6.00 6.22 � 19.48 11.79 0.82
Co-4 6.03 6.25 � 19.69 11.72 0.80
Co-5 6.06 6.28 � 19.91 11.51 0.77

Fig. 5 Compressive properties of NiAl-based HEAs and HEAs
containing Co: (a) compressive stress–strain diagram and (b) yield
strength
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entropy alloys were prepared using vacuum arc melting and
water-cooled copper crucible rapid solidification. The influence
of synergistic alloying on the microstructure and mechanical
properties of NiAl-based alloys was investigated, and the
specific conclusions are as follows:

1. The relative changes in Co and Mo content did not affect
the phase composition of (NiAl)65V20Cr10Mo5�xCox
eutectic high-entropy alloys, which consist of both BCC
and B2 phases. Among them, Co is uniformly distributed
in both B2 and BCC phases, Mo primarily forms the
BCC solid solution with V and Cr, and Mo is almost
insoluble in the B2 phase, which is rich in Ni and Al ele-
ments.

2. With an increase in Co content and a decrease in Mo
content, the microstructure of the alloy transitions from
eutectic (x = 0) to hypoeutectic (x > 0). This transforma-
tion is primarily attributed to the reduction of Mo, which
is a forming element of BCC phase. The addition of Co
results in an increase in regular and irregular interlayer
spacing within eutectic clusters, indicating that Mo has a
stronger refining effect on eutectic layers than Co.

3. The synergistic alloying of Co and Mo exhibits superior
effects on the comprehensive mechanical properties of
the alloy compared to individual alloying with either Co
or Mo. With increasing Co content and decreasing Mo
content, the yield strength, fracture strength, and com-
pressive strain of the alloy first increase and then de-
crease due to a combination of solid solution
strengthening, lattice mismatch, B2 phase change, and
changes in lamellar spacing. The Co-2 alloy exhibits the
best comprehensive mechanical properties with yield
strength, fracture strength, and compressive strain reach-
ing 1761 MPa, 3009 MPa, and 33.5%, respectively.
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