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Abstract: A series of AlCoCrFe1−xNiMox high-entropy alloys (HEAs) were fabricated and characterized by XRD, SEM, 
EDS mapping, compression test, hardness and electrochemistry measurements. The research results indicate that after 
Mo completely replaces Fe, the compressive strength of the alloys can reach 3181 MPa because the addition of Mo can 
form σ phase beneficial to the grain refinement, thereby improving the strength of the alloys. However, the addition of 
Mo has a detrimental effect on corrosion resistance as a result of formation of galvanic cell between the substrate and σ 
phases. Although most of AlCoCrFe1−xNiMox have lower corrosion current densities than pristine alloy, a partial Mo 
substitution (x=0.25) widens the passivation region of HEAs. The inconsistency of mechanical properties with corrosion 
resistance is ascribed to different roles of Mo in phase formation and protection of passive film. 
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1 Introduction 
 

High-entropy alloys (HEAs) have drawn 
extensive attention owing to their outstanding 
properties such as high strength [1−3], equilibrium 
of strength and ductility [4−6], high hardness [7,8], 
and high corrosion resistance [9−11]. HEAs 
typically contain no less than five metal elements  
in equal or approximately equal atomic  
proportions [12−15]. As a classic HEA system, 
AlCoCrFeNi HEA exhibits excellent comprehensive 
performances [16−19]. However, AlCoCrFeNi 
HEAs with insufficient strength and corrosion 
resistance have been restricted from their practical 
engineering applications. Recently, various strategies 
have been adopted to enhance the strength and 

corrosion resistance of HEAs, including annealing 
[20,21], alloying [22], and thermal mechanical 
processing [23]. 

Among them, alloying is considered to be the 
most effective method [24], in which the addition of 
alloying elements optimized the crystal structure, 
and improved the mechanical properties and 
corrosion resistance of HEAs. For instance, ZHAO 
et al [25] investigated the impact of microalloying 
with titanium on the structure and properties of 
Al2−xCoCrFeNiTix. It was found that the BCC1+B2 
and BCC2+BCC1+B2 phases were replaced by 
BCC2+Laves+BCC1 phases because of alloying. 
Adding a proper amount of Ti could increase the 
compressive strength (1919 MPa) and the fracture 
strain (11.85%) due to the fine grain strengthening 
and second phase strengthening. Furthermore, the 
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corrosion resistance of Al2−xCoCrFeNiTix HEAs can 
be effectively improved by the replacement of Ti 
because it widened the passivation interval of HEA. 
LIU et al [26] explored the influence of Si element 
on microstructure and the link between structural 
changes and properties (microhardness and wear 
behavior) of AlCoCrFeNiSix coatings. The grain 
size was refined and trace Cr23C6 phase formed 
along the grain boundaries as the Si was added. At 
the same time, the enhancement of dislocation led 
to an increase in microhardness. Due to the 
lubricating effect of SiO2 and SiO in the oxide film 
during the wear process, the friction coefficient of 
the material was reduced and wear resistance was 
enhanced. 

Mo addition is facilitated to strengthen the 
mechanical performances of HEAs. WEI et al [27] 
increased the yield strength of Fe40Mn40Co10Cr10 
high-entropy alloy from 240 to 560 MPa by adding 
Mo and C, which was mainly due to solid solution 
strengthening of microelements Mo and C. 
Meanwhile, C and Mo accelerated the deformation 
twinning of the alloy which enhanced the working 
hardening ability. Meanwhile, Mo addition can 
improve the corrosion sensitivity of HEAs by 
enhancing the stability of passivation film. CHOU 
et al [28] disclosed that Mo element inhibited 
pitting corrosion and expanded passivation interval 
of CrCo1.5FeNi1.5Ti0.5Mox HEAs in 1 mol/L NaCl 
solution. Although it has been widely researched 
that Mo element made an important contribution to 
the improvement of mechanical properties and 
corrosion resistance of HEAs [29], there is no 
report on the substitution of Fe by Mo in 
AlCoCrFeNi HEAs. As known, Fe is easy to 
corrode and the passive film is not dense. Al, Cr, 
and Ni are all passive elements. Mo substitution  
to Fe may improve corrosion resistance of 
AlCoCrFeNi HEAs. 

In the present work, a series of AlCoCr- 
Fe1−xNiMox (x=0, 0.25, 0.5, 0.75, and 1 at.%) HEAs 
were designed and fabricated. The effect of Mo 
substitution to Fe in AlCoCrFe1−xNiMox HEAs on 
microstructure and mechanical properties was 
systematically investigated by various physical 
characterizations and compression tests. Later, the 
relationship between the corrosion performance and 
the amount of Mo addition was explored in NaCl 
solution (3.5 wt.%). This work was aimed to 
provide a route to further improve the mechanical 

strength and corrosion resistance of AlCoCrFeNi 
HEA for future engineering applications. 
 
2 Experimental 
 

A series of AlCoCrFe1−xNiMox (x=0, 0.25, 0.5, 
0.75, and 1 at.%) HEA ingots were prepared by arc 
melting different granulated metals of greater than 
99.9% purity in a copper crucible under a high 
purity argon atmosphere, and the ingots were 
named according to different Mo-to-Fe ratios 
(Fe1Mo0, Fe0.75Mo0.25, Fe0.5Mo0.5, Fe0.25Mo0.75, and 
Fe0Mo1). After repeated melting at least 5 times to 
ensure uniformity, the molten liquid metal was then 
sucked into a copper mold with a diameter of 6 mm 
to obtain the cylindrical sample. Cylindrical alloys 
were cut to the required size for different tests and 
polished with SiC sandpaper from low to high mesh. 
Finally, the specimens were rinsed with alcohol and 
then vacuum-dried. 

The structures of HEAs were characterized by 
an X-ray diffractometer (XRD, ARL X’TRA) using 
Cu Kα radiation (40 kV, 100 mA) with 2θ from 20° 
to 80° at a scanning rate of 10 (°)/min. A scanning 
electron microscope (SEM, FEI Nova NanoSEM 
450) equipped with energy dispersive X-ray 
spectroscopy (EDS) was applied to characterizing 
the microstructure and the chemical composition. A 
total of five backscattered electron (BSE) images 
under different conditions were utilized for 
averaging. 

For analyzing the mechanical properties of 
alloy samples (d6 mm × 12 mm), compression tests 
were performed on an electronic universal testing 
machine (WDW−20) at a constant displacement 
speed of 1 mm/min and room temperature. 
Subsequently, the fracture morphology of recovered 
fracture specimens was observed by SEM. 

All electrochemical tests were conducted in 
3.5 wt.% NaCl solution by using an electrochemical 
workstation (CHI 660E) at room temperature. The 
working electrode (WE) was prepared by polishing 
alloys with a surface area of 0.29 cm2. A saturated 
calomel electrode (SCE) and a Pt plate were 
respectively adopted as the reference electrode and 
counter electrode. At first, open circuit potential 
(OCP) was monitored about 60 min until it became 
stable. The scanning rate of potentiodynamic 
polarization tests was set to 1 mV/s and the test 
range was from −0.6 V (vs SCE) to 0.8 V (vs SCE). 
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Electrochemical impedance spectrum (EIS) tests 
were performed at an amplitude of 10 mV with 
frequencies ranging from 105 Hz to 10−2 Hz. 
 
3 Results and discussion 
 
3.1 Chemical compositions and microstructures 

Figure 1 presents the XRD patterns of 
AlCoCrFe1−xNiMox HEAs. When there is no Mo, 
the phase composition of AlCoCrFeNi HEA is 
BCC+B2 (ordered BCC phase) phases [30]. The 2θ 
peak positions of BCC phase are at 44.5° and 64.7°, 
while that of B2 is at 30.1°. The peak of the σ  
phase is observed between 40° and 50°, while the 
peak of the B2 phase disappears in Mo-containing 
alloys [31]. This indicates that the phase 
composition of AlCoCrFe1−xNiMox HEAs is 
transformed from BCC+B2 to BCC+σ phases after 
the Mo element is added. With the increase of the 
ratio of Mo to Fe, the peak intensity of the σ phase 
gradually increases relative to that of BCC, 
demonstrating that the amount of σ phase increases 
whereas that of the BCC phase decreases. 
Meanwhile, the peak position of the σ phase 
deviates from the starting position, indicating that 
Mo enlarges the lattice distortion energy of the 
alloys as a result of the larger atomic radius of Mo. 
The BCC and σ phases in XRD patterns displayed 
in Fig. 1 are confirmed to be Al−Ni and Mo−Cr 
phases, respectively [32]. 
 

 
Fig. 1 XRD patterns of AlCoCrFe1−xNiMox alloys 
 

The backscattered electron (BSE) images in 
Fig. 2 show the microstructures for as-cast 
AlCoCrFe1−xNiMox HEAs. Figure 2(a) indicates 
that the microstructure of Fe1Mo0 alloy is relatively 
uniform without obvious segregation. The inner 

grain of Fe1Mo0 alloy is composed of two phases 
alternating interdendritic and dendrite, which is   
a nanoscale amplitude-modulated decomposition 
structure, where the interdendritic region is B2 
phase and the dendrite region is BCC phase. Both 
the Fe1Mo0 and Fe0.75Mo0.25 alloys display an 
equiaxed dendritic grain structure. But segregation 
is more obvious in Fe0.75Mo0.25 alloy because 
Fe0.75Mo0.25 alloy has a larger solidification range 
and a larger component supercooling than Fe1Mo0 
alloy. In the enlarged image of Fig. 2(b), the 
interdimeric region is alternated between the BCC 
phase and σ phase. Due to the high melting point of 
Mo element, the addition of Mo raises the overall 
melting point of the alloy, and the undercooling 
degree increases in the solidification process, which 
promotes the formation of dendrite. Figures 2(c−e) 
show the backscattering images of Fe0.5Mo0.5, 
Fe0.25Mo0.75, and Fe0Mo1 alloys, respectively. These 
three samples are all non-equiaxed dendritic 
structures. In Fe0.5Mo0.5 alloy, the σ phase and BCC 
phase are in lamellar distribution in the 
interdendritic region, while in Fe0.75Mo0.25 and 
Fe0Mo1 alloys, the element segregation is more 
obvious. Scholars commonly use the concept of 
partition ratio to regulate the γ/γ' volume fraction in 
high-temperature nickel-based alloys as the means 
of improving alloy properties [33]. That is to say, if 
the σ phase contains a large amount of specific 
element, then this element can be considered as a 
forming or stabilizing element of the σ phase, thus 
increasing the volume fraction σ phase. The number 
of dendrite integrals in the alloys was measured, 
and it was found that the content of dendrite 
gradually decreased with the increase of Mo content 
(Fig. 2(f)). The volume fraction of σ phase in the 
Fe0.75Mo0.25, Fe0.5Mo0.5, Fe0.25Mo0.75, and Fe0Mo1 
alloys are 25%, 43%, 49%, and 52%, respectively. 
According to Table 1, it is not difficult to find that 
Mo is mainly a solid solution in the σ phase. Mo is 
a σ forming element in the AlCoCrFe1−xNiMox 
HEAs. However, the dendrite shape becomes finer 
and more uniform, which will be beneficial to the 
mechanical properties of the HEAs. 

Figure 3 exhibits the EDS mapping images of 
the as-cast AlCoCrFe1−xNiMox HEAs. In Mo-free 
alloy, all elements are uniformly distributed, which 
is consistent with XRD and BSE results. 
Segregation begins to occur in the alloys after the 
addition of Mo. The dendrite phase is rich in Al and  
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Fig. 2 BSE images of AlCoCrFe1−xNiMox HEAs: (a) Fe1Mo0; (b) Fe0.75Mo0.25; (c) Fe0.5Mo0.5; (d) Fe0.25Mo0.75;        
(e) Fe0Mo1; (f) Volume fractions of σ phase in Fe0.75Mo0.25, Fe0.5Mo0.5, Fe0.25Mo0.75, and Fe0Mo1 alloys 
 
Table 1 Mixing enthalpy values of alloy elements [31] 

Element 
Mixing enthalpy/(kJ·mol−1) 

Al Co Cr Fe Ni Mo 

Al − −19 −10 −11 −22 −5 

Co −19 − −4 −1 0 −5 

Cr −10 −4 − −1 −7 0 

Fe −11 −1 −1 − −2 −2 

Ni −22 0 −7 −2 − −7 

Mo −5 −5 0 −2 −7 − 

Ni, attributing to large negative mixing enthalpy of 
Al and Ni (Table 1), while Mo and Cr are enriched 
in the interdendritic phase. However, Fe and Co are 
uniformly distributed in all samples. The chemical 
composition of different microstructures for all 
AlCoCrFe1−xNiMox HEAs is listed in Table 2. As 
indicated, the contents of Al and Ni in the dendrite 
phase are much higher than those in the inter- 
dendritic phase, while Mo and Cr are much less in 
the dendrite phase. Taking into account the XRD 
and BSE analyses, it can be determined that the 
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Fig. 3 EDS mapping images of AlCoCrFe1−xNiMox HEAs: (a) Fe1Mo0; (b) Fe0.75Mo0.25; (c) Fe0.5Mo0.5; (d) Fe0.25Mo0.75; 
(e) Fe0Mo1 

 

Table 2 Chemical compositions of as-cast AlCoCrFe1−xNiMox HEAs 

Alloy Region 
Content/at.% 

Al Cr Fe Co Ni Mo 

Fe1Mo0 

Nominal 20.00 20.00 20.00 20.00 20.00 − 

Dendrite 19.89 20.87 20.83 19.41 19.00 − 

Interdendritic 20.81 19.71 19.65 19.98 19.85 − 

Grain boundary 9.05 29.23 25.46 28.22 8.04 − 

Fe0.75Mo0.25 

Nominal 20.00 20.00 15.00 20.00 20.00 5.00 

Dendrite 28.09 14.40 12.20 19.49 23.14 2.68 

Interdendritic 16.77 25.82 17.16 18.95 14.27 7.02 

Fe0.5Mo0.5 

Nominal 20.00 20.00 10.00 20.00 20.00 10.00 

Dendrite 34.82 10.38 6.56 18.73 26.33 3.19 

Interdendritic 15.31 26.56 11.70 18.90 11.94 15.60 

Fe0.25Mo0.75 

Nominal 20.00 20.00 5.00 20.00 20.00 15.00 

Dendrite 30.59 12.03 4.06 20.52 26.78 6.01 

Interdendritic 12.47 27.31 6.63 20.31 11.03 22.24 

Fe0Mo1 

Nominal 20.00 20.00 − 20.00 20.00 20.00 

Dendrite 27.29 14.52 − 21.50 25.19 11.50 

Interdendritic 8.00 31.50 − 22.99 9.83 27.67 
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dendrite phase is Al−Ni-rich BCC phase, while the 
interdendritic phase is the Mo−Cr-rich σ phase.   
In AlCoCrFeNi HEAs, the Al−Ni-rich BCC phase 
is at grain boundary. This structure has also been 
observed in other HEAs [34,35]. It is notable that the 
composition of the BCC phase has little difference, 
and the Mo content in the σ phase increases 
gradually at this state, and is much higher than the 
theoretical Mo content in the alloy. This indicates 
that the addition of Mo can promote the segregation 
of Al and Ni elements to form dendrite, but has a 
slight effect on the composition of dendrite. 
Moreover, Mo is solid-dissolved in the σ phase. 

In the solidification process, the BCC phase 
rich in AlNi was formed preferentially, in which Fe 
and Co elements were also solid-dissolved, and 
MoCr enriched continuously in the liquid phase. 
With the solidification process, σ phase rich in 
MoCr was formed. With the increase of Mo content, 
the lattice distortion energy in the alloy increased 
continuously. To reduce the influence of lattice 
distortion energy, Al and Ni elements were repulsed 
more intensively, so that the boundary between the 
σ phase and BCC phase became more obvious. At 
the same time, the volume fraction of the σ phase 
increased with the addition of Mo element, and 
even became the matrix phase in the AlCoCrNiMo 
alloys, while the amount of BCC phase gradually 
decreased. It was difficult to form large volume 
precipitate phases in the solidification process. 
Therefore, the shape of the BCC phase became 
finer and the distribution was more uniform. 
 
3.2 Mechanical properties 

To further explore the influence of Mo 
addition on mechanical properties of the alloys, 
Fig. 4 presents the microhardness of the as-cast 
AlCoCrFe1−xNiMox HEAs. The microhardness for 
Fe1Mo0, Fe0.75Mo0.25, Fe0.5Mo0.5, Fe0.25Mo0.75, and 
Fe0Mo1 alloys is HV 579, HV 734, HV 909, 
HV 968, and HV 1111, respectively. The hardness 
changing trend of the alloys is consistent with 
molar ratio changes of Mo-to-Fe. The rise of 
microhardness with the increase of Mo content is 
attributed to incoherent second phase strengthening 
effect of the hard and brittle σ phase. Meanwhile, 
the dissolution of Mo enhances lattice distortion 
energy and residual stress of alloys, thus resulting 
in the increased hardness. 

 

 
Fig. 4 Microhardness of as-cast AlCoCrFe1−xNiMox 
HEAs 
 

Figure 5(a) shows compressive stress−strain 
curves of AlCoCrFe1−xNiMox HEAs and Table 3 
lists partial important parameters including 
compressive yield strength (σy), compressive 
fracture strength (σmax), and fracture strain (εf). The 
σmax and εf of Fe1Mo0 alloy are 2240 MPa and  
16.82%, respectively. When the Mo content is 
0.75 at.%, the σmax reaches 2900 MPa, and the 
compressive strain decreases to 6.52%. The 
compressive fracture strength of AlCoCrFe1−xNiMox 
HEAs reaches the maximum of 3181 MPa when 
Mo addition is 1 at.%, but the corresponding 
ductility reduces to 0. The variation trend of 
compression strength is consistent with that of 
hardness, while the ductility of the alloy decreases 
gradually until it disappears. The improvement in 
compression strength is due to the incoherent 
second phase strengthening and solution 
strengthening. Interestingly, after a period of 
uniform deformation, the inflection points of 
Fe1Mo0 and Fe0.75Mo0.25 alloys appear in the 
stress−strain curves, while the inflection points   
of Fe0.5Mo0.5, Fe0.25Mo0.75, and Fe0Mo1 alloys 
gradually become inconspicuous until they 
completely disappear, which is consistent with the 
previous results [36]. The main reason for the 
decline in ductility is the formation of the σ phase 
which is hard and brittle. During the compression 
process, the hard σ phase is barely deformed and 
hinders the deformation of the BCC phase, 
therefore improving the compression strength. 
Because of a large difference in atomic radius 
between Mo and other elements, the lattice 
distortion energy in the σ phase gradually increases 
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Fig. 5 Mechanical properties of AlCoCrFe1−xNiMox 
HEAs: (a) Mean compressive stress−strain curves of 
AlCoCrFe1−xNiMox HEAs; (b) Mechanical properties for 
different HEAs [37−41] 
 
Table 3 Compressive properties of AlCoCrFe1−xNiMox 
HEAs 

HEA σy/MPa σmax/MPa εf/% 

Fe1Mo0 935 2240 16.82 

Fe0.75Mo0.25 1744 2538 10.95 

Fe0.5Mo0.5 1804 2573 8.37 

Fe0.25Mo0.75 2153 2900 6.52 

Fe0Mo1 − 3181 0 

 
with the increase of Mo element. That is to say, the 
dislocation slip becomes more difficult, which 
makes the deformation of the σ phase more difficult 
and thus improves the strength of the alloy. 
Meanwhile, because the deformation degree of the 
two phases is inconsistent, cracks are easier to 
occur between the two phases. Although the content 
of the σ phase does not much change, residual 
internal stress increases with the strengthening   
of the Mo solution, which leads to a sharp 

deterioration in ductility. The compression strength 
of other HEAs [37−41] are compared with our work 
(shown in Fig. 5(b)), and it is obvious that the 
Fe0.25Mo0.75 alloy exhibits excellent mechanical 
properties. 

Figure 6 displays the fracture surface images 
of AlCoCrFe1−xNiMox HEAs. Firstly, all HEAs 
present typical brittle fractures, according to 
fracture morphology. The fracture surface of 
Fe1Mo0 alloy is relatively flat, with obvious river 
patterns, cleavage steps, and some micro-cracks 
(Fig. 6(a)). The cleavage steps of Fe0.75Mo0.25 alloy 
become more obvious. The dendrite morphology 
could be observed clearly besides cleavage steps in 
Fe0.5Mo0.5 and Fe0.25Mo0.75 alloys (Figs. 6(c) and 
(d)). This is consistent with dendrite morphology in 
BSE images (Figs. 2(d) and (e)). The cleavage steps 
of Fe0Mo1 alloy are smaller and denser due to more 
confusing dendritic crystals, which is confirmed in 
the enlarged image (Fig. 6(f)). This also shows that 
the second phase strengthening can improve the 
compression strength. 

 
3.3 Electrochemical behavior 

In order to investigate the effect of elemental 
Mo on the corrosion behavior of AlCoCrFe1−x- 
NiMox alloys, the relevant tests were carried out  
in 3.5 wt.% NaCl solution, and potentiodynamic 
polarization curves are given in Fig. 7. It shows that 
all the HEAs exhibit passive behavior in anodic 
polarization. Furthermore, with the addition of Mo, 
the corrosion potentials shift to more negative 
values. The electrochemical parameters, including 
corrosion current density (Jcorr), corrosion potential 
(φcorr), pitting potential (φpit) and passive region 
(φcorr−φpit), derived from Fig. 7 are listed in Table 4. 
The Jcorr of Fe1Mo0 alloy is the lowest of all samples 
and its φcorr is the most positive. This means that 
Mo-free HEA has a lower corrosion tendency and 
corrosion rate than Mo-containing alloys. After the 
addition of Mo, the corrosion galvanic cell is 
formed because of the generation of σ phase in the 
alloy, thus accelerating the corrosion rate. However, 
it is worth noting that the magnitude of φpit and the 
length of the passivation interval were larger than 
those of the pristine alloy when Mo content is 
0.25 at.%, demonstrating that trace addition of Mo 
to the HEA improved the electrochemical behaviors. 
This is owing to the synergistic effect of Mo and Cr 
elements, which produces a more compact protective 
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Fig. 6 Fracture surface images of AlCoCrFe1−xNiMox HEAs: (a) Fe1Mo0; (b) Fe0.75Mo0.25; (c) Fe0.5Mo0.5; (d) Fe0.25Mo0.75; 
(e, f) Fe0Mo1 
 

 
Fig. 7 Potentiodynamic polarization curves of 
AlCoCrFe1−xNiMox HEAs 
 
film on the alloy surface, thus enhancing corrosion 
resistance [42−44]. As Mo content increased from 
0.5 at.% to 1.0 at.%, φcorr decreased from −483 to 
−736 mV and φpit decreased from 231 to −276 mV. 
This demonstrates that the corrosion resistance of 
AlCoCrFe1−xNiMox HEAs is weakened on account  

Table 4 Electrochemical corrosion parameters of 
AlCoCrFe1−xNiMox HEAs derived from polarization 
curves (All potentials were obtained versus SCE) 

Alloy φcorr/mV φpit/mV (φcorr−φpit)/mV Jcorr/(A·cm−2) 

Fe1Mo0 −326 150 476 6.95×10−8 

Fe0.75Mo0.25 −483 231 714 8.17×10−8 

Fe0.5Mo0.5 −557 −77 480 9.66×10−8 

Fe0.25Mo0.75 −711 −79 632 1.06×10−7 

Fe0Mo1 −736 −276 460 1.12×10−7 

 
of the adverse influence of multi-phase structures in 
high Mo-content HEAs. 

In addition, Nyquist and Bode plots obtained 
from the EIS are shown in Fig. 8. As indicated    
in the polarization curve results, an obvious 
passivation occurs, confirming the presence of 
passive film on AlCoCrFeNiMo HAEs. According 
to the previous study [45], two-time constants 
model is commonly applied for AlCoCrFeNi HAEs 
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which are sensitive to pitting corrosion. Meanwhile, 
the large phase-angle peak in the Bode diagram 
(Fig. 8(b)) also indicates the electrochemical system 
associated with two-time constants. Herein, the 
electric equivalent circuit consisting of two RC 
(resistance and capacitance) groups was utilized as 
displayed in Fig. 8(a), where R1 represents the solution 
resistance; Rp and CPEp correspond to the resistance 
and a constant-phase element related to the passive 
film, respectively; Rc and CPEc are the charge- 
transfer resistance and double-layer capacitance, 
respectively. As depicted in Fig. 8, the simulated 
responses agree well with the experimental results, 
indicating that the electric equivalent circuit is 
suitable. The corresponding simulation parameters of 
electrochemical impedance spectroscopy are listed in 
Table 5. As indicated in Table 5, the corresponding 
Rp first decreases and then increases with the 
addition of Mo and reaches the maximum value   
at 0.25 at.% Mo addition, indicating a protection 
film under this condition. However, Rc gradually 
decreases with increasing the Mo content. This is 
because both the transformation of the phase 
structure and the poor protection of the passivation 
film formed on the multiphase structures lead to a 

reduction in the overall corrosion resistance of the 
HEAs. The higher Jcorr of the high Mo-content HEAs 
in the polarization results also supports this finding. 

Figure 9 shows the corrosion morphologies of 
Fe1Mo0, Fe0.75Mo0.25, and Fe0Mo1 alloys after the 
potentiometric polarization experiment. As shown 
in Figs. 9(a) and (b), corrosion pits with large 
diameters appear in Fe1Mo0 alloy. Table 6 gives the 
chemical compositions of corrosion pits and intact 
regions. According to the previous report [46], 
BCC/B2 matrix of the HEAs was susceptible to 
selective dissolution, while the grain-boundary FCC 
phase remained intact. Because of the large size  
of BCC phases in Fe1Mo0 alloy and similar 
composition between matrix and dendrite region (as 
shown in Fig. 2(a)), the corrosion attack by Cl− ions 
occurs randomly. The inferior protection of surface 
film owing to large Fe amount results in large and 
deep pits. Therefore, the content of Al and Ni in the 
corrosion pits decreases to less than 5% because of 
their dissolution, while the content of Cr reaches 
more than 50%. Other than composition, the crystal 
structure also influences the corrosion morphology. 
The small grain boundary in Fe1Mo0 alloy with low 
Al content (as indicated in Table 2) is leaving from 

 

 
Fig. 8 EIS response of AlCoCrFe1−xNiMox HEAs at open circuit potential: (a) Nyquist plots and equivalent electrical 
circuit; (b) Bode plots 
 
Table 5 Simulated parameters of AlCoCrFe1−xNiMox HEAs derived from EIS curves 

Alloy R1/(Ω·cm2) CPEp-T/(F·cm2) CPEp-P Rp/(Ω·cm2) CPEc-T/(F·cm2) CPEc-P Rc/(Ω·cm2) 

Fe1Mo0 14.17 3.10×10−5 0.87 1.13 1.24×10−5 0.90 9.56×105 

Fe0.75Mo0.25 14.32 3.23×10−7 0.67 65.74 1.59×10−5 0.86 5.54×105 

Fe0.5Mo0.5 10.20 2.72×10−7 0.56 57.9 1.86×10−5 0.89 4.90×105 

Fe0.25Mo0.75 12.22 1.78×10−8 0.73 124.5 2.16×10−5 0.87 4.07×105 

Fe0Mo1 9.34 1.62×10−8 0.86 224.6 2.70×10−5 0.84 3.29×105 
CPEp-T and CPEp-P are the capacitance value and fraction of a constant-phase element related to the passive film, respectively; CPEc-T and 
CPEc-P are the capacitance value and fraction of double-layer capacitance, respectively 
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Fig. 9 Corrosion morphologies of AlCoCrFe1−xNiMox HEAs after potentiometric polarization experiments: (a, b) Fe1Mo0; 
(c, d) Fe0.75Mo0.25; (e, f) Fe0Mo1 
 
corrosion attack. As a consequence, the corrosion 
pits are distributed randomly with big size. Figures 9(c) 
and (d) show the corrosion morphologies of 
Fe0.75Mo0.25 alloy. It is evident that the number of 
pits of Fe0.75Mo0.25 alloy is more than that of 
Fe1Mo0 alloy, but its diameter becomes very small, 
and most of the pits are distributed on the BCC 
phases which are rich in AlNi. The BCC phases are 
corroded during potentiodynamic polarization test 
and holes are remained. As demonstrated in 
Fig. 2(c), the addition of 0.25 at.% Mo leads to 
alternating bright and dark interconnected phases in 

HEAs with smaller sizes, which contributed to 
small corrosion pits. As indicated in Table 6, adding 
Mo to the Fe0.75Mo0.25 alloy results in the small size 
BCC phases and inter-Mo enrichment in the passive 
film. Cr is promoted to enrich in the oxide layer by 
the Mo6+ in the passive film, which thickens the 
passive film and stabilizes the Cr oxides [47]. 
Figures 9(e) and (f) show the corrosion morphologies 
of Fe0Mo1 alloy. The corrosion pit diameter 
becomes larger and the shape of the corrosion pit is 
similar to that of dendrite. The dendrites of Fe0Mo1 
alloy are rich in Al and Ni elements but lack Mo 
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Table 6 EDS analysis results of corrosion pits and intact regions of Fe1Mo0, Fe0.75Mo0.25 and Fe0Mo1 HEAs after 
potentiometric polarization experiment 

Alloy Region 
Content/at.% 

Al Cr Fe Co Ni Mo 

Fe1Mo0 
Intact 64.72 16.59 9.00 5.90 3.79 − 

Corrosion pits 0.76 53.67 25.67 16.45 3.46 − 

Fe0.75Mo0.25 
Intact 57.38 17.75 7.04 7.33 4.85 5.64 

Corrosion pits 0.82 47.11 19.74 19.39 4.23 8.71 

Fe0Mo1 
Intact 54.16 10.87 − 6.88 5.64 22.44 

Corrosion pits 4.51 33.23 − 24.34 10.96 26.96 

 
and Cr elements, resulting in less Cr and Mo oxides 
in the formed oxide film, which seriously reduces 
the pitting corrosion resistance of Fe0Mo1 alloy. 
Furthermore, the corrosion is also deteriorated 
because of more second phases formed after 1 at.% 
Mo addition. Cl− tends to accumulate at this point 
and attacks the passivation film continuously. After 
the breakdown of the passivation film, Cl− 
continues to diffuse into the alloy. In the corrosion 
pit, the BCC phase forms a large number of 
galvanic cells with the σ phase, which further 
accelerates the corrosion rate. 
 
4 Conclusions 
 

(1) With the substitution of Mo element,    
the phases of AlCoCrFe1−xNiMox HEAs are 
transformed from BCC+B2 to BCC+σ. The addition 
of Mo accelerates the formation of σ phases and 
refines grain size of as-cast alloys. 

(2) Fe0Mo1 HEA exhibits the best compressive 
fracture strength, with a fracture strain of 0. Fe1Mo0 
alloy has the highest fracture strain of 16.82%   
and the lowest compressive fracture strength of 
2240 MPa. 

(3) The increase of the hard phase also greatly 
improves the hardness. The microhardness of 
Fe0Mo1 alloy is twice as high as that of Mo-free 
alloy. 

(4) The addition of Mo elements results in a 
decreased corrosion resistance based on the 
electrochemical test results. Nevertheless, a small 
amount of Mo addition (x=0.25) can widen the 
passive region of AlCoCrFe1−xNiMox alloys. 
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摘  要：制备一系列 AlCoCrFe1−xNiMox 高熵合金，并通过 XRD、SEM、EDS、压缩试验、硬度和电化学测试对

其进行表征。研究结果表明，Mo 完全取代 Fe 后，合金抗压强度可达 3181 MPa，这是因为 Mo 的加入可以形成

有利于晶粒细化的 σ 相，从而提高合金强度。然而，由于 Mo 添加后基体和 σ 相之间形成腐蚀原电池，Mo 添加

对其耐腐蚀性能具有不利影响。虽然大部分 AlCoCrFe1−xNiMox 合金比原始合金的腐蚀电流密度低，但 Mo 取代量

x=0.25 时，拓宽了高熵合金的钝化区间。AlCoCrFe1−xNiMox 高熵合金力学性能与耐蚀性能的不一致可归因于 Mo

的添加对相形成和钝化膜保护的不同作用。 

关键词：高熵合金；Mo 取代 Fe；抗压强度；耐蚀性能 
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