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1. Introduction

High-entropy alloys contain five or more alloy elements, 

such that the percentage of each alloy is the same or very 

close to each other. These alloys can be introduced as the 

newest group of alloys, introduced to the scientific commu-

nity in 2005, and attracted a great deal of attention because of 

their special features.1-5) From among different types of high- 

entropy alloys, CoCrFeNi alloys have attracted much atten-

tion due to their attractive magnetic behavior, with many 

scientists attempting to precisely characterize and evaluate 

the structural and magnetic properties of this compositional 

group. Preliminary investigations about this compositional 

group have shown that the crystalline structure of solid solu-

tion forms, following which the final magnetic properties 

heavily depend on the type of added elements, and the effect 

of different elements should be evaluated on these properties.

For example, Wang et al.6) examined the effect of titanium 

elements on the magnetic and mechanical properties of the 

FeCoCrCuNiTix alloy system. They showed that different 

percentages of this element can change the final crystalline 

structure from FCC solid solution to a structure composed of 

initial FCC solid solution, BCC eutectic phase mixture, Fe2Ti 

intermetallic phase as well as some amorphous phase. This 

caused a change in magnetic behavior from paramagnetic to 

superparamagnetic. Zhang et al.,7) by investigating the effect 

of aluminum element on FeCoCrNiCuAl high-entropy alloy 

reported that this element can also change the final structure 

at different percentages from FCC solid solution to BCC. 

The maximum saturation magnetization obtained from this 

research was estimated at around 39 emu/g. In 2004, also Ma 

et al.8) explored the effect of niobium on the microstructure 

and properties of AlCoCrFeNbxNi high-entropy alloys. They 

found that the niobium element had a considerable effect on 
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reducing the saturation magnetization and final magnetic pro-

perties. Zaddach et al.9) explored the magnetic properties of 

Ni20Fe20Cr20Co20Zn15Mn5 high-entropy alloy. They observed 

that in the presence of manganese and zinc in the compo-

sition, the coercivity increased up to 515 Oe and saturation 

magnetization up to 50 emu/g. Other research in this area 

includes those conducted by Xiaoxia Zhu et al.10) on the 

FeSiBAlNiM (M = Co, Cu, Ag) compositional group, Li et 

al.11) in the FeCoNiAl0.25Mn0.25 high-entropy compositional 

group, Wang et al.12) on the magnetic and mechanical proper-

ties of FeSiBAlNi(Nb) high-entropy alloys, and Yu et al.13) 

about CoCrFeCuNi and CoCrFeMnNi high-entropy alloys.

Despite extensive research performed about this com-

pound, the effect of the presence of aluminum on the struc-

tural and magnetic properties of this compound has not been 

evaluated precisely and needs further careful investigation. 

In addition, the structural and magnetic changes of this com-

pound with temperature have not been assessed precisely, 

which again warrants investigation. Based on the mentioned 

points, this research aimed to investigate the structural, ther-

mal, and magnetic properties of the CoCrFeNiMnAlx com-

positional group in the presence of different percentages of 

aluminum.

2. Experimental Procedure

In this research, primary elements of cobalt, iron, manga-

nese, chromium, nickel, and aluminum with purity above 99 

% were used for synthesizing three compounds of CoCrFeNi 

MnAlx high-entropy alloys, according to Table 1. To prepare 

casting ingots for alloy samples, the arc-melt process was 

used in an argon atmosphere. For melt homogeneity, this 

process was replicated three times for each compound. The 

heat treatment of the samples was done within the range of 

700~1,000 °C for 2 h under an argon gas atmosphere.

For phase studies of the prepared samples, XRD test was 

used via PW3710 (Phillips Co.) device under voltage 40 kV 

and current 0.05 Amperes. In this method, CuKα single ray 

was used with the wavelength 1.5404 Å and nickel filter, 

with the diffraction angle (2θ) chosen within 20~90°. The 

results obtained from this test were analyzed by Xpert High-

score software and with a comparison against the standard 

card. Structural investigations of the obtained samples were 

followed via a scanning electron microscopy (SEM) device 

(VEGA-TESCAN-XMU). The magnetic properties of the 

researched samples (saturation magnetization and coercivity) 

were evaluated using a vibrational sample magnetometer 

(VSM).

3. Results and Discussion

According to references, the formation of the simple solid 

solution phase in a multicomponent alloy system depends on 

the extent of mixture enthalpy changes (ΔHmix), mixture ent-

ropy changes (ΔSmix), and atomic size difference parameter 

(δ) of the constituent elements. In this regard, the conditions 

of formation of a simple solid solution include -23 ≤ ΔHmix 

≤ 7 kJ/mol, δ ≤ 8.5 %, and 11 ≤ ΔSmix ≤ 19.5 J/K ‧ mol.1-3) 

The theoretical calculations done about all the examined com-

pounds show that the value of δ for all compounds ranges 

within 5~6, the ΔHmix value within -10~12 kJ/mol, and ΔSmix 

larger than 11 kJ/mol. This means that theoretically, there is 

the possibility of the formation of a solid solution in all three 

compounds. In this regard, XRD patterns related to the three 

different compounds presented in Table 1 are displayed in 

Fig. 1. As seen, changes in the chemical composition and the 

addition of an aluminum element to the compound have had 

Table 1. Chemical composition of the examined samples through 

the casting process in this research.

Sample

No.

Amount (atomic percentage)

Co Fe Mn Cr Ni Al

1 20 20 20 20 20 -

2 18.4 18.4 18.4 18.4 18.4   8

3 16.66 16.66 16.66 16.66 16.66 16.66

Fig. 1. The XRD patterns of CoCrFeNiMnAlx high entropy alloys, 

(a) x = 0, (b) x = 8 and (c) x = 16.
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considerable effects on the phase structure of the examined 

compound. It is seen that the XRD pattern related to the 

CoCrFeNiMn alloy compound, which lacks aluminum, only 

contains the peaks related to FCC solid solution. There is no 

sign of the formation of unwanted intermetallic compounds 

or BCC solid solution in it. This can be demonstrated based 

on SEM images of the mentioned compound in Fig. 2.

According to Fig. 1, with the addition of 8 atomic percent 

aluminum element to the compound, alongside the peaks 

related to the FCC solid solution phase, the solid solution 

phase peaks with BCC structure have also been formed. This 

means that the presence of aluminum has been able to 

enhance the stability of the BCC solid solution phase, which 

is a magnetic phase. The XRD pattern related to the sample 

containing 16 atomic percent of aluminum in Fig. 1, reveals 

that in comparison to previous samples, for this sample the 

FCC solid solution phase peaks have been eliminated, and 

only the BCC solid solution phase peaks are present within 

the structure. According to references, stabilization of the 

FCC solid solution phase in this compound can be justified 

considering the valence electron concentration (VEC). This 

means that the FCC phase forms at VEC values larger than 8, 

and the BCC phase at VEC values smaller than 6.87. The 

VEC value for the FCC stabilizers such as Co and Ni is 9 and 

10, while BCC stabilizers such as Al have a VEC of 3. This 

suggests that the addition of aluminum elements leads to a 

reduction of VEC and an increased tendency to form of BCC 

phase.2)

For examining the effect of the presence of aluminum on 

the magnetic properties of CoCrFeNiMnAlx high-entropy 

alloys, the magnetic hysteresis loops of the discussed samples 

are shown in Fig. 3. As seen, the magnetic properties of the 

high-entropy alloys are heavily dependent on the aluminum 

element percentage, and with an increase in the percentage of 

this element in the composition, it changes from paramagnetic 

to ferromagnetic. Alteration of the magnetic behavior of the 

mentioned compound upon adding aluminum element can be 

attributed to BCC solid solution phase formation within the 

structure as well as stabilization of this phase. In this regard, 

the maximum saturation magnetization value is attributed to 

the sample containing 16 atomic percent aluminum with about 

79 emu/g.

(a) (b)

Fig. 2. The SEM micrographs of CoCrFeNiMn high entropy alloy in two magnifications.

(a) (b) (c)

Fig. 3. The VSM hysteresis loops of CoCrFeNiMnAlx high entropy alloys, (a) x = 0, (b) x = 8, and (c) x = 16.
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After the development of the FCC single-phase solid solu-

tion structure in the compound without aluminum plus the 

BCC single-phase solid solution in the sample containing 16 

atomic percent aluminum, next it was attempted to explore 

the thermal stability of the resulting solid solution phases. In 

this regard, at 700, 850, and 1,000 °C, the samples were an-

nealed for 1 h and then quenched in water. The XRD patterns 

related to the CoCrFeNiMn high-entropy alloy after the an-

nealing are observed in Fig. 4. The notable point in this figure 

is the phase stability of the FCC solid solution, meaning that 

with an elevation of temperature regarding the CoCrFeNiMn 

high-entropy compound, this compound has been able to 

preserve its crystalline structure up to high temperatures. The 

lack of formation of intermetallic compounds, regular solid 

solution phases, as well as BCC solid solution structure in 

this regard, are notable. This can be proven based on SEM 

images of the examined compound in Fig. 5. As observed, the 

samples annealed at different temperatures have similar struc-

tures; the only notable difference regarding these samples is 

related to the size of the resulting phase, which has grown 

with temperature. Considering the stability of the FCC non-

magnetic solid solution phase in this sample with tempera-

ture, it is expected that the samples annealed at higher tempe-

ratures would still be nonmagnetic and annealing operations 
Fig. 4. The XRD patterns of CoCrFeNiMn high entropy alloy, (a) 

before and after annealing at (b) 700 °C, (c) 850 °C and (d) 1,000 

°C for 1 h and quenching in cold water.

(a) (b) (c)

Fig. 5. The SEM micrographs of CoCrFeNiMn high entropy alloy, after annealing at (a) 700 °C, (b) 850 °C and (c) 1,000 °C for 1 h and quen-

ching in cold water.

(a) (b) (c)

Fig. 6. The VSM hysteresis loops of CoCrFeNiMn high entropy alloy, after annealing at (a) 700 °C, (b) 850 °C and (c) 1,000 °C for 1 h and 

quenching in cold water.
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would have no effect on their magnetic properties. This claim 

can be proven based on the relevant hysteresis curves in Fig. 

6. As observed, the samples annealed at different tempera-

tures, as with the sample obtained from casting, are nonmag-

netic, confirming the solid solution phase stability in this 

alloy with temperature.

A literature review6-16) suggests that the CoCrFeNiMnAlx 

high-entropy compositional group shows better magnetic 

behavior compared to other similar groups.

Similar to the previous sample, Fig. 7 depicts the XRD 

patterns related to the CoCrFeNiMnAl high-entropy com-

pound with the crystalline structure of BCC solid solution 

after annealing process at different temperatures as well as 

quenching in water. As seen, considerable changes have 

occurred with temperature elevation in this sample. Unlike 

the previous sample, the BCC solid solution phase for the 

CoCrFeNiMnAl high-entropy alloy has not been stable, and 

with the increase in temperature, it gradually transforms into 

FCC solid solution phase. The BCC to FCC solid solution 

phase conversion in this case is very similar to the allotropic 

phase transformation of pure iron with temperature elevation. 

This type of phase transformation is assigned to network 

vibrations and thermal entropy with temperature enhance-

ment, causing the BCC solid solution structure to destabilize, 

while the FCC solid solution phase forms.17-30) In this regard, 

the magnetic hysteresis loops of the examined sample after 

the annealing process at different temperatures are presented 

in Fig. 8. Expectedly, the BCC to FCC phase transformation 

has had a considerable impact on the magnetic properties of 

the samples, and with temperature elevation, the extent of 

saturation magnetization has dropped from about 79 emu/g 

for the cast sample to around 7 emu/g for the sample annealed 

at 1,000 °C.

4. Conclusion

This research explored the effect of the presence of alu-

minum on the structural, phasic, and magnetic properties of 

CoCrFeNiMnAlx high-entropy alloys. The results revealed 

that the aluminum element has a considerable impact on the 

structure and properties of the mentioned high-entropy com-

pound. The addition of aluminum caused a change in the cry-

stalline structure from FCC solid solution in the CoCrFeNiMn 

sample to the BCC solid solution in the CoCrFeNiMnAl. The 

phase transformation of the FCC solid solution to BCC upon 

adding aluminum to the compound led to changes in the mag-

netic behavior of the CoCrFeNiMnAlx from paramagnetic to 

ferromagnetic. The maximum saturation magnetization for 

the cast sample CoCrFeNiMnAl was estimated at around 79 

emu/g. Despite FCC solid solution phase stability with tem-

perature, the solid solution phase formed in the CoCrFeNi 

(a) (b) (c)

Fig. 8. The VSM hysteresis loops of CoCrFeNiMnAl high entropy alloy, after annealing at (a) 700 °C, (b) 850 °C and (c) 1,000 °C for 1 h and 

quenching in cold water.

Fig. 7. The XRD patterns of CoCrFeNiMnAl high entropy alloy, 

(a) before and after annealing at (b) 700 °C, (c) 850 °C and (d) 

1,000 °C for 1 h and quenching in cold water.
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MnAl high-entropy compound was not high, and with the rise 

of temperature, it would change to FCC solid solution. This 

transformation heavily affects the final magnetic properties 

and is associated with a reduction of saturation magnetization 

to about 7 emu/g.
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