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Effect of Different AlSi Content on Microstructure and Magnetic  
Properties of FeCoNi(AlSi)x HEA 

This study aimed to design and prepare FeCoNi (AlSi)0.2,0.4,0.6 high-entropy alloy (HEA) magnetic powder and bulk by MA and 
spark plasma sintering(SPS), and to investigate the effects of AlSi variations on the microstructure evolution and magnetic proper-
ties of HEAs. A decrease in AlSi content promoted the precipitation of stratification faults (SFs) and twins from the face-centered 
cubic matrix. The addition of AlSi nonmagnetic elements and the formation of SFs and twins had obvious effects on the magnetic 
properties of the HEA. FeCoNi(AlSi)0.4 had excellent magnetic properties with 140.26±0.05 emu/g magnetic saturation (Ms) and 
1.35±0.02 Oe coercivity field (Hc) and the excellent magnetic properties are due to the thinning effect of the single atomic layer twin 
boundary on the magnetic domain and the short-range magnetic domain bonding effect between the magnetic domains. The results 
of this study will expand the design and application of high-entropy alloys in the field of high-performance magnetic materials. 
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1. Introduction

High-entropy alloys (HEAs) based on ferromagnetic 
elements (Fe, Co, and Ni) have attractive magnetic properties 
besides the common superior properties, such as high strength, 
high hardness, wear resistance, corrosion resistance, and high-
temperature stability [1-2]. The high-entropy magnetic alloy 
with relatively higher Curie temperatures, excellent saturation 
magnetic induction strength, and low coercivity is expected to 
replace brittle Fe-Co alloy, Fe-Si alloy with a high eddy-current 
loss, and bulk metallic glasses with structural instability. Accord-
ing to recent studies, The FeCoNi system HEAs with a single 
FCC crystal structure have high saturation magnetisation (Ms), 
high electrical resistivity and malleability, low coercivity (Hc), 
and such as FeCoNi(CuAl)x, CoCuFeMnNi, FeCoNiAlCrx and 
FeCoNi(MgSi)x, etc. [3-5]. Lu et al. indicated that the as-cast 
Fe2CoNi AlSi)x HEA exhibits a more superior comprehensive 
soft magnetic performance [6]. Zuo et al. showed that the Al or 
Si content has an influence on the Ms and electrical resistivity ρ 
for the FeNiCo alloy [7]. In addition, the advantages of Spark 
plasma sintering over conventional techniques for preparing 
magnetic HEAs are summarized as higher heating rate, lower 
sintering temperature, uniform composition [8-10].

Previous researchers focused on regulating the magnetic 
properties of HEAs by changing the types or proportions of al-
loying elements, but did not consider the relationship between 
alloying elements and the crystal structure of the alloys and the 
magnetic properties of the alloys. The addition of Group (3-4)A 
elements, such as Al and Si, can increase the stacking fault energy 
of the alloy, leading to the evolution of the crystal structure of 
the material. Therefore, the present study focused on the effect 
of AlSi content on the microstructure and magnetic properties of 
FeCoNi(AlSi)x (x = 0.2, 0.4, and 0.6, x is atomic ratios) HEA.

2. Experimental Procedure

High-purity (99.9%) Fe, Ni, Co, Al, and Si powders were 
used to produce FeCoNi(AlSi)x HEAs with unequal atomic 
ratios. Mechanical alloying had been vacuumed (residual cell 
pressure <10 Pa) and filled with high purity argon atmosphere 
for up to 40 and 5 h in C2H5OH (YXQM-4L-Planetary ball mill, 
350 rpm, Stainless steel tanks with stainless steel balls, and 
a ball(400 g)-to-powder(50 g) weight ratio of 8:1). Then, a layer 
of silica was coated on the surface of HEA particles by liquid-
phase in situ reduction [mixed solution: TEOS(Si(OC2H5)4, 
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C2H5OH, NH3∙H2O, and deionized water and specific amounts 
of C2H5OH/H2O, Si(OC2H5)4, and NH3·H2O were added to the 
ball mill tank and milled for 5 h. The prepared powders were 
consolidated using SPS in a 20-mm graphite die with an axial 
pressure of 30 MPa and at 1050℃ for 5 min (residual cell pres-
sure <5 Pa, room temperature to 500℃ for 5min, 500℃ to 800℃ 
for 3 min and 800℃ to 1050℃ for 3 min, and then cooled in 
a graphite die).

The phase structures were investigated using x-ray dif-
fraction (XRD, Bruker D8 ADVANCE). Thin-foil specimens 
prepared by twin-jet electropolishing and the dispersed powder 
adhered to the copper mesh had been observed under a 200 keV 
transmission electron microscope (TEM, JOEL JEM-2100). The 
magnetic behavior and magnetic domains inside the material of 
FeCoNi(AlSi)x were tested by a vibrant sample magnetometer 
test (WSM, LakeShore-7400s) and lorentz transmission electron 
microscopy ( LTEM, JEM-2100F).

3. Results and discussion

The XRD patterns of powders and the bulk SPS-ed SiO2-
FeCoNi(AlSi)x HEAs are illustrated in Fig. 1. The results showed 
that the FeCoNi(AlSi)x HEA powder were composed of a single 
FCC phase (PDF:47-1406, Fm-3m [225], Cu0.81Ni0.19) and 
amorphous silica with no obvious diffraction peak (Fig. 1a); 
however, after the sintering of SiO2-FeCoNi(AlSi)x HEAs 
(Fig. 1b), obvious silica crystals were observed but with no 
phase evolution of the single FCC alloy phase. Similarly, the 
TEM analysis of the alloy powder revealed that the electron 
diffraction analysis also showed that the SiO2 generated in situ 
had a relatively low crystallinity. Fig. 2(a) is the TEM patterns 
of the as-milled SiO2-FeCoNi(AlSi)x HEA powders and the 
diffuse halo ring in Fig. 2(b) is a characteristic feature of amor-
phous materials, distinct from the sharp diffraction spots/rings 
of crystalline phases. As shown in Fig. 2(c), the thickness of the 
SiO2 shell on the HEA surface was about 3-5 nm. Furthermore, 
TEM/EDX analysis confirmed that the main surface composition 
of SiO2-FeCoNi(AlSi)0.2 HEA particles is SiO2, because the ratio 

of oxygen to silicon atoms is approximately 2:1(O, 63.08 at.% 
and Si,31.69 at.%, Fig. 3).

The formation theory of high-entropy alloys indicates that 
the thermodynamic parameters of HEAs include mixing entropy 
(ΔS), mixing enthalpy (ΔH), atomic size difference calculation 
parameter (Ω), and valence electron concentration (VEC). The 
relevant feature parameters of the FeCoNi(AlSi)x alloy system 
were calculated using the following equations [11]:
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where Ωij = 4ΔHij
mix is the mixing enthalpy for the binary equia-

tomic ij alloys, while n, ci, cj and ri are the number of elements, 
mole fractions of the i th and j th components’ elements, and the 
average atomic radius, and where R is the ideal gas constant, Tm 
is the average melting point of the HEA alloy, and (VEC)i is the 
VEC of component i, respectively.

TABLE 1 presents the ΔHij
mix values for the binary ij alloys 

incorporated in the FeCoNi(AlSi)x alloy. The formation of FCC 
crystals in multi-principal component alloys was mainly due to 
a high entropy effect. The calculated values of ΔS, ΔH, δ, Ω, and 
VEC (Calculation formulas ref. [5,6] ) for FeCoNi(AlSi)x were 
determined as in TABLE 2. These results aligned with the find-
ings of Zhang and Guo et al. [5,6], indicating the formation of 
FeCoNi(AlSi)x single FCC phase. In addition, TEOS(Si(OC2H5)4 

Fig. 1. XRD patterns of powders (a) and the bulk SPS-ed (b) of SiO2-FeCoNi(AlSi)x HEAs
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decomposed into the siloxy group ((Si-O-Si)n-x-(Si-OH)x) and 
the roasted Si hydroxyl (Si-OH)x was converted into crystalline 
SiO2 in the environment of C2H5OH and NH3∙H2O.

Table 1
(VEC)i and ΔHij

mix (KJ/mol) for the binary ij alloys incorporated 
in the FeCoNi(AlSi)x alloy [12]

Elements Fe Co Ni Si Al (VEC)i

Fe – –1 –2 –35 –11 8
Co –1 – 0 –38 –19 9
Ni –2 0 – –40 –22 10
Si –35 –38 –40 – –19 4
Al –11 –19 –22 –19 – 3

Figs. 4, 5 and 6 showed the magnetic properties of 
SiO2-FeCoNi(AlSi)x and FeCoNi(AlSi)x HEAs which are 
listed in TABLE 3. Both the FeCoNi(AlSi)x powders (Figs. 4a, 
5a, and 6a) and the bulk of SiO2-FeCoNi(AlSi)0.2 (Fig. 4f) and 
SiO2-FeCoNi(AlSi)0.6 (Fig. 6f) HEAs showed semi hard magnet-
ism. Interestingly, the SiO2-FeCoNi (AlSi)0.4 showed a magnetic 
with Ms of 140.26±0.05 emu/g and Hc of 1.35±0.02 Oe (Figs. 5d 
and 5f).

Previous studies have shown that the microstructure 
in crystals, including layering faults and defects, can sig-
nificantly affect the coercive force of materials [9,10]. The 
stacking fault energy of the system increases with an increase 
in the AlSi content with a larger relative atomic radius, lead-

Fig. 2. TEM patterns of SiO2-FeCoNi(AlSi)0.2,0.4,0.6 HEA powders:(a) is particle morphology, (b)is the SAED pattern and (c) is the surface of the shell

Fig. 3. TEM-EDX mapping of SiO2-FeCoNi(AlSi)0.2 HEA particles

Table 2
The values of ΔSmix, ΔHij

mix, δ, Ω, and VEC of HEAs

Alloy compounds ΔSmix ΔHij
mix δ Ω VEC

FeCoNi(AlSi)0.2 10.87 J/mol –8.97 KJ/mol 3.46% 1.87 8.87
FeCoNi(AlSi)0.4 11.75 J/mol –9.01 KJ/mol 3.88% 1.49 8.76
FeCoNi(AlSi)0.6 12.31 J/mol –9.36 KJ/mol 4.07% 1.37 8.67
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Fig. 4. Magnetic properties of the powders (a, b, c) and the bulks (d, f, e) of SiO2- FeCoNi(AlSi)0.2

Fig. 5. Magnetic properties of the powders (a, b, and c) and the bulks (d, f, and e) of SiO2- FeCoNi(AlSi)0.4 

Fig. 6. Magnetic properties of the powders (a, b, and c) and the bulks (d, f, and e) of SiO2- FeCoNi(AlSi)0.6 
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ing to a decrease in the deformation fault generation and 
twin formation ability. The stacking fault deformation zone 
of 10-15 layers appears in SiO2-FeCoNi(AlSi)0.2 (Fig. 7(a)), 
whereas the deformation twin boundary of 1-3 layers exists in 
SiO2-FeCoNi(AlSi)0.4 showed in Fig. 7(b). Forming twins and 
stacking faults in SiO2-FeCoNi(AlSi)0.6, which has the larg-
est stacking fault energy(Fig. 7(c)), is challenging. Therefore, 
SiO2-FeCoNi(AlSi)0.2 has higher Ms and Hc due to the highest 
content of ferromagnetic elements, and the wide stacking mis-
alignment deformation area leads to the effect of layer misalign-
ment on domain wall pinning. 

Compared with the structure of the two others contains 
fewer ferromagnetic elements and higher stacking fault energy, 
making it challenging to produce deformation twins, leading to 
lower Ms and increased Hc caused by large magnetic domains. 
However, for SiO2- FeCoNi(AlSi)0.4 with reasonable content of 
ferromagnetic elements, the deformation faults and twins formed 
deformation regions with only one to three layers. This could 
not limit the movement of magnetic domains except for the 
segmentation and refinement of magnetic domains. Compared 
with the magnetic high-entropy alloys currently studied, such 
as FeNiMnCuCo (Ms, 79.64 emu/g and Hc, 32.44 Oe), FeCoNi-
Cr0.2Si0.2 (Ms, 98.11 emu/g and Hc, 2.36 Oe), FeCoNiSi0.75  

(Ms, 80.5±0.05 emu/g and Hc, 56.95Oe) and Co4Fe2Al1.5Mn1.5 
(Ms, 161.3emu/g and Hc,1.9Oe)[13-16], SiO2-FeCoNi(AlSi)0.4 
had better Ms and lower Hc.

In order to further study the distribution and evolution of 
magnetic domain walls in the single atom twin boundary of 
HEAs, the local domain structures of the twin was observed by 
LTEM under different magnetic fields(Fresne-overfocus mode, 
200 Oe and 400 Oe) as shown in Fig. 8. The selected twin structure 
region is shown in Fig. 8(a). The separation of magnetic domai 
n structure by twin boundary in demagnetization state is shown 
in Fig. 8(b), and the domain walls of twin-to-grain cutting are 
almost parallel to the twin grain boundary, and the white contrast 
domain walls at the grain boundary are mostly distributed along 
the grain boundary. The magnetized sample rod was used to field 
the twin SiO2-FeCoNi(AlSi)0.4 transmitted sample in situ, and 
the direction of the external magnetic field was parallel to the 
sample surface, as shown by the yellow arrows in (c) and (d) in 
Fig. 8. As shown in Fig. 8(c), when a field of 200 Oe was ap-
plied to the sample, the twin domain walls shifted significantly 
and widened. When the external magnetic field was further 
increased to 400 Oe, the strip magnetic domain walls formed 
by twins moved more easily and continued to widen. The reason 
for the formation of transgranular domains is that the magnetic 

Table 3
Magnetic of FeCoNi(AlSi)x HEAs compare with ref.

Composition (at.%) Ms (emu/g) Hc (Oe) Ref.
FeCoNi(AlSi)0.2 Particle 87.63±0.05 52.72±0.02 This work

SiO2-FeCoNi(AlSi)0.2 Particle 98.35±0.05 87.41±0.02 This work
Bulk FeCoNi(AlSi)0.2 127.81±0.05 62.33±0.02 This work

Bulk SiO2-FeCoNi(AlSi)0.2 133.72±0.05 28.25±0.02 This work
FeCoNi(AlSi)0.4 Particle 82.73±0.05 63.47±0.02 This work

SiO2-FeCoNi(AlSi)0.4 Particle 90.64±0.05 76.33±0.02 This work
Bulk FeCoNi(AlSi)0.4 127.87±0.05 8.24±0.02 This work

Bulk SiO2-FeCoNi(AlSi)0.4 140.26±0.05 1.35±0.02 This work
FeCoNi(AlSi)0.6 Particle 74.66±0.05 105.84±0.02 This work

SiO2-FeCoNi(AlSi)0.6 Particle 77.37±0.05 77.62±0.02 This work
Bulk FeCoNi(AlSi)0.6 123.58±0.05 12.37±0.02 This work

Bulk SiO2-FeCoNi(AlSi)0.6 124.26±0.05 17.83±0.02 This work
(FeCoNi)70Ti10B20 Particle 119.2 13.4 13
CoNiMnGa Arc melting 115.92 25 14

Bulk CuCrFeTiNi 64.38 4.63 6,15

Fig. 7. HRTEM micrographs revealing deformation twinning , (a)is SiO2-FeCoNi(AlSi)0.2, (b) is SiO2-FeCoNi(AlSi)0.4 and (c) is SiO2-
FeCoNi(AlSi)0.6



1512

domain splits due to the change of crystal orientation centered 
on the twin axis, which plays a role in thinning the magnetic 
domain. However, the twin grain boundary thickness is only 
a single atomic plane (Fig. 7b), such a crystal defect cannot 
cause a pinning effect on the fine twin magnetic domain, so 
there is a short-range exchange coupling between the mother 
phase and the twin crystal. Therefore, the parent phase and the 
twin phase grains of the multi-twin magnet are almost coupled 
together, so the appearance of the transgranular domains of 
the multi-twin magnet is mainly due to the exchange coupling 
between the grains. Twin crystals are conducive to thinning 
magnetic domains, forming nanolamellae magnetic domains, 
which have positive effects on improving the saturation magnetic 
induction intensity of SiO2-FeCoNi(AlSi)0.4 of magnets, while 
short-range exchange coupling makes the domain walls move 
easily under the external magnetic field, which is beneficial 
to the coercivity of magnets. Comparing the microstructure 
of SiO2-FeCoNi(AlSi)0.2 and SiO2-FeCoNi(AlSi)0.6 (Figs. 7a 
and 7c), SiO2-FeCoNi(AlSi)0.2 did not form a complete twin 
structure, and the magnetic domain could not be refined by the 
half-twin boundary. The relative SiO2-FeCoNi(AlSi)0.6 formed 
a layered fault structure with multiple atomic layers, which 
disrupted the magnetic domains and also effectively fixed the 
domain wall movement, thus increasing the coercivity.

4. Conclusions

(1)	 The SiO2-FeCoNi(AlSi)x HEAs with x = 0.2, 0.4, and 0.6 
was prepared by MA and SPS. TEM/EDX analysis confirms 

that high entropy alloy particles with core-shell structure 
can be obtained by liquid phase reduction technique. 

(2)	 The new composition of the class of SiO2-FeCoNi(AlSi)x 
bulk HEAs with x = 0.4 led to much better soft magnetic 
performance compared with the other two alloys. 

(3)	 The obtained higher Ms and lower coercivity were mainly 
related to the deformation regions with narrow stacking 
fault and twin boundary, which caused the thinning of 
magnetic domains but did not affect the movement of fine 
magnetic domains. 

(4)	 The single atomic layer twin boundary in SiO2-FeCoNi 
(AlSi)0.4 has no napping effect on the magnetic domain wall, 
which is conducive to the formation of short-range magnetic 
coupling effect between magnetic domains, while the multi-
atomic layer fault crystal in SiO2-FeCoNi(AlSi)0.6 defects 
exert the napping effect, which increases the coercivity.
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