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ABSTRACT

The microstructure, microhardness and corrosion resistance (in a 1 M NaCl) of as-cast AlxCoCrFeNiMo0.5 (x = 
0, 0.25, 0.5) high-entropy alloys (HEAs) were studied. The as-cast samples exhibited a dendritic microstructure in 
which a (CrFeMo)-type molybdenum-rich σ-phase precipitated in the interdendritic space. It was determined that Al 
alloying increases the microhardness from 285 HV0.3 for CoCrFeNiMo0.5 HEA to 628 HV0.3 for Al0.5CoCrFeNiMo0.5 
HEA. At the same time, aluminium has a negative effect on the corrosion resistance of the studied alloys, where an 
increase in Al concentration, increases the corrosion current by two orders of magnitude. 
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INTRODUCTION

High-entropy alloys (HEAs) have attracted much 
attention from material scientists in the last two 
decades, after the pioneer works published by Cantor 
and Yeh in 2004 [1, 2]. To large extend, this is due to 
the unique combination of mechanical properties and 
tribological characteristics in HEAs [3 - 9]. Moreover, 
AlxCoCrFeNi HEAs are among the most promising 
corrosion-resistant materials [10 - 13]. Currently, 
studies on the effect of additionally introduced 
elements on the properties of AlxCoCrFeNi HEAs are 
still ongoing.

Zhuang et al. reported a significant positive 
effect of molybdenum on the mechanical properties 
of Al0.5CoCrFeMoxNi HEAs [14]. On the other hand, 
molybdenum is proven as an alloying element that 
increases corrosion resistance and reduces pitting 
in various types of steel in salt solutions [15, 16]. 

Therefore, Mo can be considered as a promising element 
to increase corrosion resistance of HEAs. For example, 
Chou et al. demonstrated that the simultaneous presence 
of Ti and Mo in Co1.5CrFeNi1.5Ti0.5Mox HEA not only 
increases its corrosion resistance but also reduces its 
pitting in a 1M NaCl solution [17]. Rodriguez et al. 
showed that molybdenum increases the passivation 
range of a HEA in 3.5 wt. % NaCl solution compared 
to a similar Mo-free composition and several industrial 
alloys [18]. Based on the results of tests in acidic and 
Cl-containing solutions, Wang et al. reported that 
Mo-containing HEAs exhibit excellent resistance to 
localized corrosion [19].

However, to use Mo-containing HEAs as 
construction materials or protective coatings, it is 
necessary to find a composition with an optimal 
combination of mechanical properties and corrosion 
resistance. There are only a few works devoted to 
research in this area. For example, Löbel et al studied the 
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effect of co-alloying of aluminium and molybdenum on 
the characteristics of Al0.3CrFeCoNiMo0.2 coating [20]. 
It was shown that aluminium increases microhardness 
of the coating, and molybdenum helps to reduce 
the corrosion current density, slows down pitting 
corrosion, and consequently, improves corrosion 
resistance. On the other hand, the positive effect of Mo 
on the mechanical characteristics of HEAs only begins 
at sufficiently high concentrations of Mo [14, 21 - 23]. 
This demonstrates that there is still a scientific gap on 
the combined effect of Al and Mo on the characteristics 
of HEAs.

Therefore, this work aims to study the effect 
of aluminium concentration on the characteristics 
of AlxCoCrFeNiMo0.5 (x = 0, 0.25, 0.5) HEAs. 
The microstructure, microhardness, and corrosion 
resistance of the as-cast alloys in a 1 M NaCl solution 
is studied.

EXPERIMENTAL

AlxCoCrFeNiMo0.5 (x = 0, 0.25, 0.5) HEAs ingots 
were fabricated by induction melting at 1700-1750°C 
in vacuum using metals (granules and powders 
manufactured JSC “POLEMA”, Tula, Russia) of high 
purity (> 99.9 wt. %). Three re-melts were performed 
to obtain a homogeneous microstructure and to avoid 
molybdenum segregation.

The microstructure was examined using a JSM-
7001F scanning electron microscope (SEM) (JEOL, 
Tokyo, Japan) equipped with an energy dispersive 
detector (EDS) (Oxford Instruments, Abingdon, UK) 
for quantitative chemical analysis. X-ray diffraction 
(XRD) was carried out on an Ultima IV diffractometer 
(Rigaku, Tokyo, Japan) using Cu Kα radiation. 
Microhardness measurements were performed using 
an FM-800 microhardness tester (Future-Tech Corp., 
Tokyo, Japan) at a load of 300 g, the holding time was 
10 s.

Corrosion tests were carried out in a 1M NaCl 
solution. The working electrodes for electrochemical 
tests were prepared from as-cast HEAs ingots as 
described in our previous work [24]. The nominal 
composition of the samples and the exposed free 
surface areas of the working electrodes are presented 
in Table 1. Polarization measurements were performed 
in a standard three-electrode YaSE-2 electrochemical 

cell (OJSC “Gomel Plant of Measuring Instruments”, 
Gomel, Belarus) with a platinum counter electrode using 
a potentiostat-galvanostat Р-45Х (Electrochemical 
instruments, Chernogolovka, Russia). The potentials 
were measured with respect to a saturated silver chloride 
electrode at a temperature 25°C. The scanning rate of 
the potential for recording the full Tafel dependences 
was 1 mV s-1.

The open circuit potential EOCP (Table 1) was 
measured for 60 min. Corrosion parameters such as 
corrosion potential (Ecorr) and current density (Icorr) were 
determined by Tafel extrapolation method using both 
the cathodic and anodic branches of the polarization 
curves. Also, the passivation current density (Ipass) and 
the passivation potential range (ΔЕ) were determined 
from the type of polarization curves. All potentials 
were recalculated to the scale of a normal hydrogen 
electrode.

RESULTS AND DISCUSSION

Fig. 1 shows the microstructure of the as-cast 
AlxCoCrFeNiMo0.5 (x = 0, 0.25, 0.5) HEAs. The 
microstructure has a pronounced dendritic character 
for all three studied compositions. Dendrites (D) 
are enriched in Co and Ni (Table 2), and the phase 
with an increased Mo content is in the interdendritic 
space (ID or ID1). For Al0.5CoCrFeNiMo0.5 HEA, an 
additional phase containing increased concentrations 
of Al and Ni (ID2) was found in the interdendritic 
space. These microstructural observations indicate 
that Al affects the wettability of the primary dendrite 
crystals by melt during crystallization. For Al-free 
sample, the precipitation of a Mo-containing phase is 
discontinuous, which indicates incomplete wettability. 

HEA Working surface 
area, mm2

EOCP, V
(in 1М NaCl)

CoCrFeNiMo0.5 12.24 +0.005
Al0.25CoCrFeNiMo0.5 12.84 -0.125
Al0.5CoCrFeNiMo0.5 12.73 -0.075

Table 1. Nominal chemical formula, electrodes surface 
area, and open circuit potentials.
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While the samples with aluminum in their composition 
are characterized by continuous separation of dendrites 
by interdendritic layers, and, accordingly, complete 
wettability. The morphology of the microstructural 
components affects the properties of the bulk material, 
as detailed elsewhere [25, 26].

Configurational entropy of mixing can be 
determined according to the Eq. (1) [27]:

n

mix i i
i=1

lnS R X X∆ = − ∑
,				  

	 (1)

where R is the universal gas constant (R = 8.314 
J mol-1 K-1), and X is the atomic fraction of the elements. When 
ΔSmix ≥ 1.5R, the system can be considered as a high 
entropy. Using the average chemical composition data in 
Table 2, the values of the configurational entropy of mixing 
were obtained as ΔSmix = 1.58R for CoCrFeNiMo0.5, 
ΔSmix = 1.7R for Al0.25CoCrFeNiMo0.5, and ΔSmix = 1.74R 
for Al0.5CoCrFeNiMo0.5. Thus, all three compositions can 
be classified as high-entropy alloys.

XRD patterns of the as-cast samples (Fig. 2) show 

Table 2. Chemical composition (EDS, at. %) of the as-cast HEAs. Av (average composition), D (dendrite), and ID 
(interdendritic space).

Fig. 1. SEM (back-scattered electrons mode) micrographs of the as-cast HEAs: (a) CoCrFeNiMo0.5; (b) Al0.25CoCrFeNiMo0.5; 
(c, d) Al0.5CoCrFeNiMo0.5.

HEA Al Co Cr Fe Ni Mo

CoCrFeNiMo0.5

Av - 22.35 22.48 22.38 22.08 10.71
D - 25.24 18.89 24.64 24.25 6.98
ID - 11.46 29.34 20.55 12.85 25.80

Al0.25CoCrFeNiMo0.5

Av 5.01 21.30 21.25 21.21 21.39 9.84
D 6.21 23.13 18.27 22.62 23.43 6.34
ID 2.26 12.63 28.89 20.88 11.57 23.77

Al0.5CoCrFeNiMo0.5

Av 9.54 20.14 20.55 20.23 20.11 9.43
D 9.49 22.78 17.46 22.17 21.86 6.24

ID1 4.63 13.56 28.24 20.68 9.74 23.15
ID2 33.78 16.16 6.43 11.23 31.52 0.88
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diffraction from fcc solid solution, (CrFeMo)-type 
σ-phase, and a bcc solid solution at high aluminium 
content of x = 0.5. The presence of the σ-phase 
corresponds to the phase diagrams of the Fe-Mo, 
Fe-Cr, and the unlimited solubility in Cr-Mo binary 
system in both liquid and solid states [28 - 30]. In 
addition, precipitation of the σ-phase in as-cast Mo-
containing HEAs has been already reported in previous 
studies [14, 19, 21 - 23]. The appearance of a bcc solid 
solution at high aluminium content in HEA also does 
not contradict the literature data [31 - 33].

Considering microstructural features and 
diffraction patterns of the as-cast HEAs, the dendrites 
can be attributed to the fcc solid solution, interdendritic 
layers with a high molybdenum content (ID or ID1) 
can be defined as the σ-phase, and ID2 precipitates are 
bcc solid solution.

Fig. 3 shows microhardness values of the as-cast 
samples. By increasing aluminum content from x = 0 
to x = 0.25, the microhardness of the samples increases 
by 30 %, and when the aluminium content reaches x = 
0.5, the microhardness increases twofold. This effect 
can be associated with the solid-solution strengthening 
effect of aluminium in the fcc solid solution and the 
appearance of a bcc solid solution in the microstructure 
of the Al0.5CoCrFeNiMo0.5 alloy.

The microhardness value obtained for 
Al0.5CoCrFeNiMo0.5 HEA (628 HV) is near to that 

reported by Zhuang et al., where a value of 571 HV 
is given for Al0.5CoCrFeMo0.5Ni HEA [14]. Löbel et 
al. determined a microhardness of 400 ± 20 HV for 
Al0.3CrFeCoNiMo0.2 coating, which is comparable with 
the values obtained in this study for CoCrFeNiMo0.5 
(285 HV) and Al0.25CoCrFeNiMo0.5 (375 HV) samples 
[20].

According to the polarization curves (Fig. 4), anodic 
control is the characteristic of corrosion behaviour of 
all three samples. It is obvious that aluminium reduces 
the corrosion resistance of the studied alloys in a 
1 M NaCl (Table 3). With an increase in aluminium 
content from x = 0 to x = 0.5, the corrosion potential 
significantly shifts to the negative side, the corrosion 
current increases by two orders of magnitude, and the 
passivation area decreases by half.

Also, to assess the corrosion resistance of alloys 
in an aqueous solution containing chlorine ions, 
polarization resistance (Rp) was further calculated 
using Eq. (2):

corr
a c

1
1 12.303

pR
I

β β

=
 

+ 
 

,			   (2)

where βа and βс are the slope coefficients of the anode 
and cathode straight lines of the Tafel equation, 
respectively, obtained by extrapolation. The results 

Fig. 2. X-ray diffraction pattern of the as-cast 
AlxCoCrFeNiMo0.5 HEA samples.

Fig. 3. Microhardness of the as-cast AlxCoCrFeNiMo0.5 
HEA samples.
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of the calculation of the polarization resistance are 
given in Table 3. For CoCrFeNiMo0.5, the polarization 
resistance index is two orders of magnitude higher 
than that of the other two samples, which confirms the 
presence of a passivating film with excellent protective 
properties on its surface.

The morphological features of the electrode surfaces 

Fig. 4. Polarization curves of the as-cast AlxCoCrFeNiMo0.5 
HEA samples in 1M NaCl solution.

Table 3. Potentials and current densities of alloys in a 1M NaCl.

Alloy
Ecorr, 

V
Icorr,

μA cm-2

Ipass,
μA cm-2

ΔЕ,
V

Rp, 
kΩ cm2

CoCrFeNiMo0.5 -0.135 0.23 76 1.294 33.09
Al0.25CoCrFeNiMo0.5 -0.435 8.95 251 0.764 0.88
Al0.5CoCrFeNiMo0.5 -0.702 15.68 173 0.664 0.49
Co1.5CrFeNi1.5Ti0.5 [17] -0.443 0.57 1.46 0.557 -
Co1.5CrFeNi1.5Ti0.5Mo0.1 [17] -0.381 0.13 3.80 1.429 -
Co1.5CrFeNi1.5Ti0.5Mo0.5 [17] -0.493 0.20 4.10 1.383 -
Co1.5CrFeNi1.5Ti0.5Mo0.8 [17] -0.551 0.41 5.11 1.371 -
Al0.5CoCrFeNi1.6Ti0.7 [24] -0.626 16.2 132 0.730 2.93
Al0.45CoCrFeNiSi0.45 [24] -0.340 8.0 93 0.570 1.86
Al0.25CoCrFeNiCu [24] -0.401 8.6 109 0.278 3.89
AlCrFeNiCoCu [34] -0.012 0.003 - 0.525 -
SS 304 [34] -0.238 0.35 - - -
Al0.25CoCrFeNiCu0.25 [35] -0.802 19.7 280 1.020 0.55
Al0.25CoCrFeNiCu0.25Au0.1 [35] -0.799 5.1 200 1.030 2.75
Al0.25CoCrFeNiCu0.25Au0.3 [35] -0.763 5.8 90 1.070 4.48

after testing (Fig. 5) confirm the obtained results. 
Moreover, the corroded surface of CoCrFeNiMo0.5 and 
Al0.25CoCrFeNiMo0.5 HEAs does not show any damage 
and is relatively even and smooth, while the corroded 
surface of Al0.5CoCrFeNiMo0.5 sample is characterized 
by selective dissolution of the aluminium-rich ID2 
phase, and clearly visible corrosion pits.

EDS was conducted on the corroded surfaces 
(Table 4), oxygen concentration confirms the changes 
detailed above. It is also necessary to pay attention 
to the concentration of chlorine, which is the highest 
on the surface of Al0.5CoCrFeNiMo0.5 sample, and it 
is known that chlorine-containing corrosion products 
contribute to the destruction of the passivating film and 
reduce its protective properties [35].

Comparing the chemical composition of the 
samples before and after corrosion test (Tables 2, 4), 
it is noted that the average chemical composition of 
the surface changes after corrosion test. The content of 
Al, Fe, Co and Ni decreases, while the concentration 
of Cr and Mo increases or remains unchanged. This 
can be attributed to the opening of the internal alloy 
layers during corrosion, as selective dissolution of 
the surface layer occurs. Analysis of the data shows 
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that areas enriched in molybdenum are subject to less 
corrosion. This confirms the thesis that molybdenum 
and chromium increase the corrosion resistance of the 
HEA in a solutions containing chloride ions.

CONCLUSIONS

The effect of aluminium content on the 
microstructure, microhardness and corrosion resistance 
of AlxCoCrFeNiMo0.5 (x = 0, 0.25, 0.5) HEAs was 
studied. With increasing aluminium content, the 
microstructure becomes more complex and upon 
reaching x = 0.5, in addition to fcc dendrites and Mo-
rich σ-phase interdendritic layers, islands of a bcc solid 
solution with increased content of Al and Ni are found 
in the microstructure. Such a microstructure provides 
the highest microhardness and the lowest corrosion 
resistance in a 1M NaCl. Based on our results, it can 
be noted that the optimal combination of mechanical 
characteristics and corrosion resistance is obtained in 
a composition with aluminium content in the range of 
0 < x < 0.25.
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