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Abstract: High entropy alloys with the composition of FeCoNiAl0.2Si0.2 were prepared by arc melting and induction

melting, denoted by A1 and A2, respectively. The samples prepared by these two techniques have a face-centered cubic

(FCC) phase structure and a typical dendrite morphology. The tensile yield strength and maximum strength of A2 samples

are about 280 and 632 MPa, respectively. Moreover, the elongation can reach 41.7%. These two alloys prepared by the

different methods possess the similar magnetic properties. The saturation magnetization and coercivity can reach 1.151

T and 1400 A/m for Al samples and 1.015 T and 1431 A/m for A2 samples, respectively. Phases in A2 samples do not

change, which are heat treated at different temperatures, then quenched in water. Only the sample, which is heat treated

at 600◦C for 3 h and then furnace cooled, has a new phase precipitated. Besides, the coercivity decreases obviously at

this temperature. Cold rolling and the subsequent heat treatment cannot improve the magnetic properties effectively.

However, cold rolling plays an important role in improving the strength.
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1. Introduction
Recently, high entropy alloys (HEAs) have received

the considerable attention to be used in aerospace and

other special areas because of their high strength, good oxi-

dation resistance, excellent high-temperature stability, and

so on [1-7]. For conventional alloys, there are usually one or

two dominated elements in them [8]. However, HEAs jump

out of this design concept. They usually contain more

than five elements, each of these contents is more than 5%

by atom number, and there is no dominant element [9].

Because of the special design, certain effects called ‘high

entropy’, ‘sluggish-diffusion’, ‘lattice distortion’, and ‘cock-

tail’ effects are observed in HEAs [10]. According to the

maximum entropy-production principle (MEPP) [11], high

entropy intends to stabilize high-entropy phases, such as

amorphous phases and solid-solution phases, rather than

intermetallic phases. Efforts have been made to find a

simple guideline for the design of these complex alloys.

For example, Zhang et al. [12] formulated rules for the for-

mation of HEAs, which were further simplified by Yang

et al. [13] through proposing a parameter. Guo et al. [14]

correlated the stability of face-centered cubic (FCC) and

body-centered cubic (BCC) solid solutions with the va-

lence electron concentration (VEC). Besides the thermo-

dynamic factors, the dynamic preparation process also in-

fluences the phase formation [15-18]. The HEAs exhibit

the very interesting properties of high strength, high hard-

ness, and excellent high-temperature stability, which im-

prove the abrasion performance, corrosion resistance, high

electrical resistivity, and so on [4, 19-25].

The history of HEAs is relatively short and has been

principally focused on their mechanical properties [3, 5,

26-27]. Little effort is made on the magnetic proper-

ties. Wang et al. [28] studied the magnetic properties of

CoCrCuFeNiTix alloys. The FCC solid solutions form-

ing in CoCrCuFeNi and CoCrCuFeNiTi0.5 alloys exhibited

the typical paramagnetism, whereas CoCrCuFeNiTi0.8 and

CoCrCuFeNiTi showed the superparamagnetism, which
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was attributable to the embedding of nanoparticle assem-

blies in the amorphous phase with the addition of Ti.

Kao et al. [4] found that the magnetic properties of as-

homogenized CoCrFeNiAlx alloys were associated with the

crystal structure and Al/AlNi-rich phase. In this work,

a new magnetic FeCoNiAl0.2Si0.2 HEA was designed and

studied by measuring its resistivity, magnetization, and

strength. Heat treatment and cold rolling were used to

improve its properties. The relevant parameters obtained

by these methods were compared to provide the insight

concerning the comprehensive performance of this alloy.

2. Experiment procedures
Button ingots (A1) with the nominal compositions of

FeCoNiAl0.2Si0.2 were prepared by arc melting from pure

elements with the purity higher than 99.5wt% in high-

purity argon atmosphere on a water-cooled Cu hearth. The

alloys were remelted four times to improve their homo-

geneity. For convenience, a large ingot (A2) with the same

composition was prepared by induction melting. The crys-

tal structures were identified using an X-ray diffractome-

ter under the radiation conditions of 30 kV, 20 mA, a Cu

target, and a scanning speed of 10◦/min. Transmission

electron microscopy (TEM) was used to verify the struc-

tures. Compressive tests of the cylindrical samples with

the dimension of φ3 mm × 6 mm were investigated using

an MTS 809 materials testing machine at room tempera-

ture with a strain rate of 2 × 10−4 s−1. The tensile tests

were conducted on a CMT4105 materials testing machine

under a strain rate of 5 × 10−4 s−1 at room tempera-

ture. The microstructures of cross-sections were examined

using a ZEISS SUPRA 55 field emission scanning elec-

tron microscope (SEM) with energy dispersive spectrom-

etry (EDS) and a ZEISS UMT200i metallographic micro-

scope. The magnetization curves were obtained by using

the instrument of “Physical Property Measurement Sys-

tem” (PPMS) made by American Quantum Design Com-

pany. The electrical resistivity was measured using a pre-

cise resistance tester AT510. A2 samples were heat treated

at different temperatures (500, 600, 700, 800, 900, and

1000◦C) for 3 h. Then, one sample was quenched in water,

and the other one was furnace cooled from each temper-

ature. The cold rolling of A2 samples was cut from the

radial direction of the ingot and then cold rolled for 60%

reduction with each reduction in pass of 0.1 mm. Finally,

the as-rolled samples were annealed at 900◦C for 4 h and

furnace cooled.

3. Results and discussion

3.1. Microstructure
Fig. 1 shows the X-ray diffraction (XRD) patterns of

the alloys prepared by different methods. Both kinds of

alloys have the similar FCC structure. By identifying the

highest peaks, the calculated lattice constants are 0.35708

(A1) and 0.35944 nm (A2), respectively. According to Guo

et al. [14], the FCC stable region is VEC > 8. The cal-

culated VEC of the alloys in this study is 8.353, which

agrees well with the model. These two alloys have the

typical cast dendritic and interdendritic structures (sim-

plified as DR and ID), as shown in Fig. 2. The dendritic

area (DR) is rich in Fe and Co, while the interdendritic

area (ID) is rich in Al, Ni, and Si. This may be attributed

to the low melting point of Al and more negative high

enthalpy of mixing between Si and Ni. In addition, the

interdendritic area of A1 alloy is more obvious than that

of A2 alloy. This may be due to the different processing of

the alloys. For A2 alloy (induction melted), the elements

are mixed more uniformly with electromagnetic stirring.

Therefore, little segregation can be found in A2 alloy, and

the contrast between DR and ID is not so obvious. The

bright-field TEM image of the arc melted HEA shows the

existence of particles in the dendritic area with the diam-

eter of ∼2 μm in Fig. 3(a). The [001] zone axis diffraction

pattern in Fig. 3(b) displays superlattice reflections gener-

ated by the particle precipitates, indicating the existence

of ordered BCC phases. This may be confirmed by the

minor peak in Fig. 1(a) at 2θ ≈ 25◦. Due to the relatively

small amount of such particles, their diffraction peaks are

very low. Similar reports of the ordered phases can also be

found [22, 29]. Aside from this, some BCC region can also

be found around the particles as shown in Fig. 3(c), which

has a faint hint in the XRD pattern at about 2θ ≈ 45◦.
Further study is necessary to give quantitative information

on the relative amount of disordered or ordered phases in

HEAs.

Fig. 1. XRD patterns of the FeCoNiAl0.2Si0.2 alloys

prepared by arc melting (A1) and induction melting

(A2).
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Fig. 2. Back scanning electron images of FeCoNiAl0.2Si0.2 alloys prepared by two methods: (a) arc melting; (b)

induction melting.

Fig. 3. TEM bright-field image of A1 sample (a), electron diffraction pattern of the particle in (a) from the [001]

zone axis (b), and electron diffraction pattern of the outside region beside the particle (c).

In Fig. 4, the XRD patterns of A2 samples after

quenching also exhibit the same FCC structure, indicat-

ing the good high-temperature phase stability. High cool-

ing rate may freeze the high-temperature phase structure

and avoid the other phase separating out. However, af-

ter furnace cooling, only the sample annealed at 600◦C
shows a different XRD pattern. This trend may indicate

some phase precipitations forming at this temperature. A

similar phenomenon can also be found in the annealed

Al0.5CoCrCuFeNi alloy [30]. The phase precipitations may

relate to the ordering process of the disordered solid so-

lution during the long time holding at specific tempera-

ture. While for the sample annealed at 600◦C with water

quenching, no phase precipitation can be observed, and

this probably indicates that the ordering process needs a

slower cooling to happen.

Fig. 4. XRD patterns of A2 samples after different heat treatments: (a) furnace cooling; (b) water quenching.

3.2. Mechanical properties
Fig. 5(a) presents the room-temperature compressive

engineering stress-strain curves of the alloys prepared by

two different methods. They all exhibit the good plas-

ticity and significant work hardening, which may be due

to the solid-solution strengthening effect caused by adding

the small atomic size element, Si, and large atomic size ele-
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ment, Al. The plastic deformation can reach 50% without

fracture for both samples. The compressive yield strength

is about 342 MPa for A1 sample and 291 MPa for A2 sam-

ple. Fig. 5(b) shows the room-temperature tensile engi-

neering stress-strain curves of A2 alloy. The yield strength

and maximum strength are about 280 and 636 MPa, re-

spectively. The elongation can reach 41.6%. The tensile

yield strength is a little lower than the compression yield

strength, which may be due to the fact that the tensile is

more sensitive to defects. Fig. 6 shows the SEM images

of the fracture surface and lateral face morphology of A2

sample after tensile test. The angle between the fracture

surface and horizontal axial is 30◦. Many slip bands can

be found at the lateral face. Dimples can be clearly seen in

Figs. 6(c) and (d), indicating a ductile fracture. After cold

rolling, the yield strength increases to 1149 MPa, and the

plasticity decreases by ∼4% in Fig. 5(b). Fig. 7 shows the

fracture morphology after tensile test. The angle between

the fracture surface and horizontal axial is 20◦. Tearing

dimples and some small holes can be seen on the surface.

This indicates that the fracture mechanism is porous aggre-

gation fracture [31]. Besides, many slip bands are located

on the lateral surface.

Fig. 5. Compressive engineering stress-strain curves of FeCoNiAl0.2Si0.2 alloys (a) and tensile engineering stress-

strain curves of the induction melted FeCoNiAl0.2Si0.2 alloy (b).

Fig. 6. SEM images of the lateral surface ((a) and (b)) and fracture surface ((c) and (d)) of the induction melted

FeCoNiAl0.2Si0.2 alloy after tensile deformation at room temperature.
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3.3. Magnetic properties
Hysteresis loops measured for FeCoNiAl0.2Si0.2 alloys

at room temperature are shown in Fig. 8. The saturation

magnetization (Ms), coercivity (Hc), and remnant mag-

netism (Mr) of both alloys determined from the loops are

listed in Table 1. It is clear that the induction melted alloy

has the similar magnetic properties to the arc melted one.

The saturation magnetization and coercivity can reach

1.151 T and 1400 A/m for Al sample and 1.015 T and

1431 A/m for A2 sample. The electrical resistivity of A1

sample is 69.5 μΩ·cm. The little decrease of Ms for A2

sample may be related to the casting defects.

Fig. 7. SEM images of the lateral surface ((a) and (b)) and fracture surface ((c) and (d)) of the cold-rolled

induction-melted FeCoNiAl0.2Si0.2 alloy after tensile deformation at room temperature.

Fig. 8. Magnetic properties of the FeCoNiAl0.2Si0.2 alloys: (a) hysteresis loops of the alloy prepared by two

methods; (b) hysteresis loops of A2 samples after different processes.

It is well known that soft magnetic materials are of-

ten characterized by high saturation magnetization, high

magnetic susceptibility, and high electrical resistivity, as

well as low coercivity. Although the value of coercivity in

this study is somewhat higher, it is not unusual for the

as-cast alloy without the subsequent heat treatment. The

saturation magnetization is primarily determined by the

composition and crystal structure but less sensitive to the

microstructures, such as the grain size and morphology. In

contrast, the coercivity, which is inversely proportional to

the permeability, is affected by the grain size, stress, impu-

rity, deformation, and the subsequent heat-treatment pro-
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cess [32]. Therefore, after annealing at 600◦C and 1000◦C
for 3 h, the coercivity of A2 samples decreases largely,

from 1431 A/m to 693 A/m and 807 A/m, respectively.

This trend may be ascribed to the releasing of internal

stress. The texture can also improve the magnetic prop-

erties. Moreover, one technique to produce the texture is

repeatedly cold rolling and heat treatment [33]. To our

surprise, the magnetic properties of A2 alloy are not im-

proved after cold rolling and heat treatment. This trend

may be due to the fact that the optimal texture does not

form after these treatment processes, or the optimal mag-

netic axis is not in the rolling direction.

Table 1. Magnetic properties of FeCoNiAl0.2Si0.2

HEAs

Processing Ms / T Hc / (A·m−1) Mr / T

Arc melting 1.151 1400.720 0.01163

Induction melting 1.015 1431.430 0.00539

Cold rolling 1.003 1437.786 0.00903

Annealed at 900◦C

after cold rolling
1.018 1508.325 0.00785

Annealed at 600◦C 1.040 696.531 0.00392

Annealed at 1000◦C 0.838 807.593 0.00388

4. Conclusions
FeCoNiAl0.2Si0.2 HEAs prepared by arc melting and

induction melting have the same FCC structure. These al-

loys have the similar excellent over-all properties, such as

good plasticity and high magnetic saturation. The general

properties of A1 sample are slightly better. The compres-

sive yield strength can reach 342 MPa for A1 alloy and

291 MPa for A2 alloy. The magnetic saturation and coer-

civity are 1.15 T and 1400 A/m for A1 sample, and 1.015

T and 1431 A/m for A2 sample, respectively. The electri-

cal resistivity of A1 sample is 69.5 μΩ·cm. TEM results

show the ordered BCC particles and BCC phase in the arc

melted sample. Annealing at different temperatures has

not changed the phases largely. Only A2 sample, which is

heat treated at 600◦C and then furnace cooled, has a new

phase precipitation, and its coercivity decreases largely.

Cold rolling for A2 sample increases the yield strength to

1149 MPa, but decreases the plasticity. The selected cold

rolling for 60% reduction and the following heat treatment

have not improved the magnetic properties largely.
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