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Abstract: In recent years, medium entropy alloys have become a research hotspot due to their excellent physical and chemical perform-
ances. By controlling reasonable elemental composition and processing parameters, the medium entropy alloys can exhibit similar proper-
ties to high entropy alloys and have lower costs. In this paper, a FeCoNi medium entropy alloy precursor was prepared via sol-gel and co-
precipitation methods, respectively, and FeCoNi medium entropy alloys were prepared by carbothermal and hydrogen reduction. The
phases and magnetic properties of FeCoNi medium entropy alloy were investigated. Results showed that FeCoNi medium entropy alloy
was produced by carbothermal and hydrogen reduction at 1500°C. Some carbon was detected in the FeCoNi medium entropy alloy pre-
pared by carbothermal reduction. The alloy prepared by hydrogen reduction was uniform and showed a relatively high purity. Moreover,
the hydrogen reduction product exhibited better saturation magnetization and lower coercivity.

Keywords: medium entropy alloy; sol-gel; co-precipitation; carbothermal; hydrogen reduction

1. Introduction

In recent years, the high entropy alloy (HEA) has re-
ceived extensive attention in advanced materials science
[1-3]. The key effects of HEA include high entropy effect,
sluggish diffusion, severe lattice distortion, and cocktail ef-
fect [4-5]. Medium entropy alloy (MEA) is a kind of alloy
system between traditional alloy (low entropy alloy) and
HEA, which commonly contains less than four principal ele-
ments. The entropy of mixing of FeCoNi MEA is close to
that of traditional alloy, while exhibiting excellent properties
like HEA, such as high strength, high temperature softening
resistance, high hardness [6—11], strong corrosion-resistance
[12—-14], and well electromagnetic properties [15-21], etc.

Magnetic materials refer to substances composed of trans-
ition elements such as Fe, Co, Ni, and their alloys that can
directly or indirectly generate magnetism. Table 1 shows the
magnetic properties of entropy alloy in FeCoNi system ob-
tained by different preparation methods. In recent years, re-
search has shown that FeCoNi MEA, as a soft magnetic ma-
terial that is easy to magnetize and demagnetize, has broad
application prospects in magnetic storage and ultra-high-
density magnetic recording [15,22—23]. The methods for pre-
paring FeCoNi MEA include chemical reduction [15-16],
mechanical alloying [17-19], and vacuum melting [20-21].
The saturation magnetization of the products prepared by
these methods was similar and showed a big gap in coerciv-
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ity. It was reported that using the liquid phase method to pre-
pare precursor was beneficial to control the element ratio, re-
fine grain size, and reduce the costs [24—38]. Moreover, some
Fe, Co, and Ni resources of waste can be recovered and util-
ized via this route [39—40].

Table 1. Magnetic properties of medium entropy alloys Fe-
CoNi system [15-21]

M/ H./
(emug™’) (Am™)

| FeyCossNi rce}éfl‘?tllf)ﬂ 132 49165 [15]

No. Fe,Co,Ni.  Method Reference

2 FesyCosxNiy rce}éi‘élt‘l‘;ﬂ 161 29515 [l6]

3 FeyCoxNis gﬁi‘;l}fgcal 146 4300 [17]

4 FeyCousNig gﬁ%‘;ﬁgcal 186 2546 [18]

5 FeyCoyNiy gﬁ%‘;ﬁgcal 169 3300 [19]

Vacuum 9 121 [20]
melting

Vacuum 4 oy 559 [21]
melting

6  FeCoNi

7  FeCoNi

Note: M, is the saturation magnetization; H. is the coercivity.

At present, the preparation methods of FeCoNi MEA are
mainly vacuum arc melting and vacuum induction melting
[41-44]. Some challenges such as demanding raw materials,
high preparation costs, and cumbersome processing proced-
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ures greatly limit the industrial application of FeCoNi MEA.
The liquid-phase method for preparing precursor powders
not only addresses resource waste and environmental pollu-
tion caused by waste materials, transforming waste into valu-
able resources, but also enables the high-value utilization of
such waste [39—40]. Typical preparation methods in the li-
quid-phase approach include hydrothermal method, sol-gel
method, and chemical co-precipitation method. The hydro-
thermal method is a novel technique developed in recent
years for synthesizing ultrafine powders. This method in-
volves using an aqueous solution as the reaction system with-
in a specially designed closed reactor (autoclave), where the
system is heated to critical temperatures (or near critical tem-
peratures) to create a high-pressure environment that facilit-
ates inorganic synthesis and material preparation. Compared
to other powder preparation methods, products obtained via
the hydrothermal method typically exhibit well-developed
crystal grains, small and uniformly distributed particle sizes,
and mild particle aggregation. However, the hydrothermal
method has its drawbacks, as it requires high temperature and
pressure, leading to a strong dependence on production
equipment, and it generally can only prepare oxide powders
[25-26]. The sol-gel method involves the preparation of a
homogeneous sol through the water hydrolysis of metal al-
koxides or inorganic salt coordination, followed by the addi-
tion of solvents, catalysts, chelating agents, etc., to form a
non-flowing aqueous sol, which is then converted into a uni-
form gel under certain conditions. After removing organic
substances, water, and acid radicals, the gel undergoes dry-
ing and heat treatment to obtain the powder materials. The
advantages of the sol-gel method include easy process con-
trol, the feasibility of doping, and its suitability for preparing
small-sized, narrowly distributed, and chemically active
amorphous materials of single or multi-component mixtures.
However, its disadvantages include high raw material costs,
lengthy reaction times, poor sinterability of microparticles,
large shrinkage during drying that can lead to aggregation,
and the presence of residual impurities such as carbon in the

product [29-30]. The chemical co-precipitation method is an
effective and commonly used technique for preparing
powder materials. It involves adding a precipitating agent to a
solution containing one or more soluble salt ions, allowing
for a hydrolysis reaction to occur that forms insoluble hy-
droxides, hydrated oxides, or salts which then precipitate
from the solution. Subsequently, any existing anions in the
solvent or solution are washed away, and through hydro-
thermal treatment or dehydration, the powder materials can
be obtained. The chemical co-precipitation method boasts ad-
vantages such as simplicity, low cost, short reaction times,
low reaction temperatures, and ease of industrial scale-up.
However, its disadvantages include lower product purity, dif-
ficulties in washing and filtering the precipitate, and a higher
tendency for the resulting microparticles to aggregate
[33-34].

In this study, a Fe*'—Co*-Ni*" solution was prepared
through nitrates, which was employed to prepare FeCoNi
MEA. To achieve composition uniformity and avoid ele-
ment segregation, the sol-gel and co-precipitation methods
were used to prepare precursors, respectively. Moreover, car-
bon thermal and hydrogen reductions were conducted to pre-
pare FeCoNi MEA, and the phase composition, distribution
of elements, and magnetic properties of reduction products
were investigated.

2. Experimental
2.1. Theoretical calculation

The phase formation law of medium entropy alloys is al-
most consistent with that of high entropy alloys, and the in-
ference formula of relevant parameters is used to predict the
phase formation law of FeCoNi MEAs [45-51]. The related
thermodynamic parameters of FeCoNi MEAs are shown in
Table 2, and the atomic radius, melting point and valence
electron concentration of Fe, Co and Ni in Table 3. The cal-
culation data can infer that FeCoNi MEAs can form a single
face centered cubic (FCC) structure solid solution.

Table 2. Related thermodynamic parameters of FeCoNi medium entropy alloy

5/ % AH,; / (kJ-mol™")

ASpix / (K “mol ™)

Tw/°C Q VEC

0.9 -1.33 9.15

1495.3 1.2 9

Note: J is the difference in atomic radius (%), AH, is the enthalpy of mixing (kJ-mol "), AS,,; is the entropy of mixing (J-K '-mol ™), T,
is the theoretical melting point of the alloy (°C), 2 is the parameter point, VEC is the valence electron concentration of the alloy.

Table 3. Atomic radius, melting point, and valence electron
concentration of Fe, Co, and Ni

Element  Atomic radius/A  Melting point/ °C ~ VEC
Fe 1.27 1538 8
Co 1.25 1495 9
Ni 1.25 1453 10

2.2. Materials

The following analytical reagents were used: Fe
(NO3);'9H,0  (299.0%), Co(NOs),6H,O (=99.0%), Ni
(NO;),°6H,0 (=99.0%), NaOH (=99.0%), CsHsO7 (=99.0%),

NH;-H,O (25wt%), N, (299.9%), and H, (=99.9%). All re-
agents were purchased from National Pharmaceutical
(Shanghai Trial) Co., Ltd. The deionized water used in this
experiment was self-made in the laboratory by the UPTA-10
ultra-pure water machine.

2.3. Preparation of precursor

2.3.1. Sol—gel method

A certain amount of nitrates (Fe(NOs);-9H,0,
Co(NO;);-6H,0, Ni(NO;);-6H,0) were weighed in an equal
molar ratio and dissolved in a deionized water. The solution
was stirred at a speed of 200 r-min~' and maintained during
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the whole process to make the solutes completely dissolve. A
prepared citric acid solution was slowly added to the
Fe*'—Co*-Ni*" solution, after which the NH;-H,O was em-
ployed to adjust the pH value of the solution to 8. The mixed
solution was heated in a 90°C water bath for 8 h to obtain a
sol. The sol was dried in a drying oven at 110°C for 24 h to
obtain a gel, i.e., the precursor.
2.3.2. Co-precipitation method

A certain amount of nitrates (Fe(NOs);-9H,0,
Co(NOs);°6H,0, Ni(NO;);-6H,0) were weighed in an equal
molar ratio and dissolved in deionized water. The solution
was stirred at a speed of 200 r-min~' and maintained during
the whole process to make solutes completely dissolve.
2 mol-L™! NaOH solution was prepared and slowly dripped
into the solution using a peristaltic pump until the pH value
reached 10. The solution was aged at room temperature for
10 h, and the precipitates were repeatedly washed and separ-
ated by vacuum filtration. The samples were dried in a dry-
ing oven at 100°C for 10 h to obtain a precursor.

2.4. Preparation of FeCoNi MEA

2.4.1. Carbothermal reduction method

The activated carbon particles and precursor were mech-
anically mixed. The used activated carbon was 1.5 times the
theoretical calculation amount. The mixed powder was ad-
ded to a graphite crucible and heated to 1500°C in a high-
temperature atmosphere furnace (XNF-OL8600). After 3 h,
argon gas was introduced to protect the products from oxid-
izing. The heating rate was 3.5°C-min"'. The cooling method
was quenching. The cooling rate was approximately
1500°C-min"".
2.4.2. Hydrogen reduction method

The precursor was added in a corundum crucible, and
placed in a high-temperature atmosphere furnace. When
samples were heated to 1500°C, hydrogen gas was intro-
duced with a flow rate of 500 mL-min"' for 3 h, and argon
gas was injected after the hydrogen reduction process.
The sample was cooled to room temperature in the fur-
nace. The heating rate was 3.5°C-min"". The cooling method
was quenching. The cooling rate was approximately
1500°C-min"".

2.5. Characterization

2.5.1. Phase composition

The phase composition of the precursor and reduction
product was determined using an X-ray diffractometer
(XRD, D8 Advance, Brook Technology, Germany) with a
continuous scanning device using Cu K, radiation at
30 mA/40 kV, a scanning speed is 6°-min "', and a 26 range
of 10°-90°. The results were analyzed using JADE 9.0 soft-
ware based on the International Centre for Diffraction Data
(ICDD) powder diffraction database (PDF-2009).

The phase structure of the precursor prepared by the
sol-gel method was detected using Fourier transform in-
frared spectroscopy (FT-IR, Thermo Scientific Nicolet iS20,
Thermo Fisher Technologies, America) in the spectral range
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of 1100-2200 cm™', the number of scans was 32, and the res-
olution was 4 cm™".
2.5.2. Morphology

The morphology of precursor and reduction product was
observed using scanning electron microscopy (SEM, ZEISS
GeminiSEM 300, Carl Zeiss Optics Ltd., Germany). The
types and contents of elements in specific micro-regions of
samples were detected using an X-ray energy dispersive
spectrometer (EDS).
2.5.3. Decomposition behavior

Thermogravimetric—differential ~ scanning calorimetry
(TG-DSC) analysis was carried out using a high-temperat-
ure synchronous thermal analyzer (STA409CD, Naichi In-
strument Manufacturing Co., Ltd. Germany) in the argon at-
mosphere to investigate the decomposition behaviors of pre-
cursor. The heating ranges were 40-1000°C with a rate of
10°C -min™" for samples prepared by sol-gel and co-precipit-
ation methods, respectively.
2.5.4. Magnetic performance

The magnetic properties of reduction products were tested
using the physical property measurement system (PPMS)
DynaCool system developed by Quantum Design USA. In
the normal temperature and pre-air environment, the magnet-
ic field was applied within a range of +2 T. The hysteresis
curves at room temperature were measured, and the coercive
force and saturation strength of the samples were character-
ized.

3. Results and discussion
3.1. Preparation of precursor

3.1.1. Sol—gel method

The product prepared by the sol-gel method was ground
and analyzed by FT-IR and SEM-EDS, and the results are
provided in Fig. 1, and the energy spectrum analysis of pre-
cursor prepared by sol-gel method as shown in Table 4. It
can be seen from the FT-IR pattern (Fig. 1(a)), that the ab-
sorption band near the carboxylic acid group 1757 cm™' par-
tially disappears, and two absorption bands near 1617 cm™
and 1353 cm! replace it, which was attributed to the R—-COO
group generation by ionization. It was speculated that the cit-
ric acid complexed with metal ions forming citrate in the pre-
CUISOT.

The SEM image of the product prepared by the sol-gel
method is shown in Fig. 1(b). Some spherical and irregular
particles can be observed in the image. To clarify the chemic-
al composition and element, EDS analysis was performed in
Fig. 1(c). Results indicated that the sample mainly contained
Fe, Co, Ni, O, and C. The atomic ratio of Fe, Co, Ni was clo-
se to 1:1:1, which proved that a precursor of FeCoNi MEA
was prepared by the sol-gel method. Moreover, little N was
detected in the sample, which may be adsorbed by the sol.
3.1.2. Co-precipitation method

XRD analysis was performed on the samples prepared
by the co-precipitation method. As shown in Fig. 2(a),
diffraction peaks of Fe(OH);, Co(OH),, and Ni(OH), cannot
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Fig. 1.

Table 4. Energy spectrum analysis of the precursor pre-
pared by sol-gel method.

Element Weight percent / % Atomic percent / %
0] 66.55 51.60
N 13.77 9.35
C 7.23 421
Fe 4.50 12.18
Ni 4.15 11.81
Co 3.80 10.85
(a) Precursor

‘ JCPDS Card NO.1-1047 Ni(OH),

I

l JCPDS Card NO.1-357 Co(OH),

11 |

JCPDS Card NO.22-346 Fe(OH), | §*

10 20 30 40 50 60 70 80 90
20/ (°)

|

Intensity / a.u.

Intensity / a.u.

01 2 3 4 5 6 7 8 9
Energy / keV

10 11 12 13 14 15

(a) FT-IR pattern, (b) SEM image, and (c) EDS analysis of the precursor prepared by sol-gel method.

be detected in the sample. SEM-EDS analysis was employed
for further determination of the phase composition. It can be
seen from Fig. 2(b) that the precipitates showed an irregular
fragmented shape. EDS results in Fig. 2(c) indicated that the
sample mainly contained Fe, Co, Ni, and O, and the energy
spectrum analysis of precursor by chemical co-precipitation
method as shown in Table 5. The atomic ratio of Fe, Co,
Ni was close to 1:1:1. On the basis of these findings, it
was obtained that the precursor prepared by co-precipit-

Intensity / a.u.

0 1

2 3 45 6 7 8 9
Energy / keV

10 11 12 13 14 15

Fig.2. (a) XRD pattern (b) SEM image, and (c) EDS analysis of the product prepared by co-precipitation.

ation was not in the form of a hydroxide crystal, which
might be an amorphous composite of hydroxides or hy-
droxyl oxides.

3.2. Decomposition and reduction behaviors of precursors

3.2.1. Decomposition behavior

To understand the thermal decomposition behavior of the
precursors, TG-DSC analysis was conducted showing the
results in Fig. 3. It can be seen from Fig. 3(a) that the weight
of the sample prepared by the sol—gel method decreased with
temperature until 548°C. No notable changes were seen after
the temperature exceeded 548°C. The first significant mass
loss appeared at around 248°C. The mass change was mainly

Table 5. Energy spectrum analysis of precursor prepared by
chemical co-precipitation

Element Weight percent / % Atomic percent / %
(0] 41.63 71.54
Ni 20.11 9.42
Fe 17.87 8.80
Co 18.04 8.42
Cl 2.35 1.82

caused by the decomposition of citrate. The second signific-
ant mass loss appeared at around 548°C. The mass change
was mainly caused by the decomposition of nitrates. Fig. 3(b)
shows the TG-DSC curve of the sample prepared by the co-
precipitation method. Before 871°C, the weight of the pre-
cursor continuously decreased with temperature. Few
changes can be observed after the temperature exceeds
871°C. The first significant mass loss appeared at around
234°C. The mass change was mainly caused by the decom-
position of hydroxides. The second significant mass loss ap-
peared at around 871°C. The mass change was mainly caused
by the decomposition of residual nitrates.
3.2.2. Reduction behavior

Fe—Co—Ni oxides can be generated during the heating pro-
cess of precursors. The Gibbs free energy—temperature
(AG-T) diagrams of chemical reactions occurring during car-
bothermic and hydrogen reductions were drawn based on
FactSage software, as shown in Fig. 4. The results showed
that the Fe—Co—Ni oxides could be reduced by C when the
temperature was higher than 700°C. Similarly, zero-valence
Fe, Co, and Ni could form at around 600°C during a hydro-
gen reduction process. An isothermal liquidus diagram of the
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Fig. 4. AG-T diagrams of chemical reactions occurring during (a) carbothermic and (b) hydrogen reductions.

Fe—Co—Ni ternary system was drawn based on FactSage
software, which was shown in Fig. 5. The results showed that
the melting point of an equiatomic FeCoNi system was
1469°C. To prepare a homogeneous FeCoNi MEA, the tem-
peratures for carbothermal and hydrogen reductions of pre-
cursors were chosen to be 1500°C in the current work.

3.3. Preparation of FeCoNi MEA

3.3.1. Carbothermal reduction

Carbothermal reduction was carried out to the precursors
prepared by sol-gel and co-precipitation methods. The phase
composition of the product prepared by the sol-gel method
followed by carbothermal reduction was analyzed by XRD,
showing the results in Fig. 6(a). It was found that the diffrac-
tion peaks of the sample shifted to the right a little compared
with that of the FeCoNi. An explanation of this finding is
proposed that some carbon doped in the product in the carbo-
thermal reduction process, resulting in a slight shift of the
peak position. To verify this view, the product was detected
by SEM analysis (Fig. 6(b)). About 9.16wt% carbon element
was detected in the FeCoNi MEA (Table 6), and the black
coarse and fine rod-like phases in Fig. 6(b) were verified to
be carbon. It explained the conjecture of diffraction peak
shift. Furthermore, the product contains a small amount of
oxygen element meaning the carbothermal reduction was in-
complete.

XRD patterns and SEM analysis of the product prepared
by co-precipitation followed by carbothermal reduction are
showed in Fig. 7. It can be seen from Fig. 7(a) that the dif-
fraction peak position was similar to that of the sample pre-
pared by the sol-gel method followed by carbothermal re-
duction (Fig. 6(a)), which shifted to the right a little as well.
However, the relative intensity of diffraction peaks of the two
products were different. This phenomenon might be caused
by the difference between the preparation methods of the pre-
cursor. SEM results indicated that some carbon doped in the

Temperature / °C
1459

1469
' 1479
1489
1499
1509

1519

L

Co0 02 04 06 08

0
1.0Fe
Fe mole fraetion —p

Fig.S5. Isothermalliquidus diagram of Fe—Co—Ni ternary system.
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Fig. 6. (a) XRD patterns and (b) SEM image of the product prepared by the sol-gel method followed by carbothermal reduction.

Table 6. Energy spectrum analysis of FeCoNi MEA pre-
pared by the sol-gel method followed by carbothermal reduc-

tion wt%
Fe Co Ni C o N
27.20 29.88 27.20 9.16 4.11 2.45
() (200)
Vacuum melting
method
(111)
ﬂ (220)
=2 mcTa = =2
= | Co-precipitation =
| carbothermal 11) 2
g g
E E

10 20 30 40 50 60 70 80 90 45 50

20/ (°)

20/ (°)

FeCoNi MEA, and the carbothermal reduction did not go
complete (Table 7).
3.3.2. Hydrogen reduction

Hydrogen reduction was carried out to the precursors pre-
pared by co-precipitation methods. The phase composition of

Fig. 7. (a) XRD patterns and (b) SEM image of the product prepared by co-precipitation followed by carbothermal reduction.

Table 7. Energy spectrum analysis of FeCoNi medium en-
tropyalloypreparedbyco-precipitationfollowedbycarbothermal

reduction wt%
Fe Co Ni C (6]
30.14 30.36 29.47 6.15 3.88

the product prepared by the co-precipitation followed by hy-
drogen reduction was analyzed by XRD, showing the results
in Fig. 8. It can be seen in Fig. 8 that the diffraction peak pos-
ition of the sample was consistent with the FeCoNi, meaning
the target product was prepared by this route.

Fig. 9(a) shows an SEM image of the product prepared by
co-precipitation followed by hydrogen reduction. As shown
in Fig. 9(a), the prepared product was a homogeneous phase
containing some small pores. The reason was attributed to the
bubbles generated during the hydrogen reduction process and
were sealed in the sample after cooling. EDS analysis was
used to investigate the elemental distribution of the product
showing the result in Fig. 9(b), and the energy spectrum ana-
lysis of FeCoNi medium entropy alloy prepared by co-
precipitation followed by hydrogen reduction as shown in

Table 8. Results indicated that the atomic ratio of Fe, Co, and
Ni was close to 1:1:1, and the element distribution was uni-
form. The absence of oxygen in the product proves that the
reduction was complete. The studied preparation method of
precursor did not significantly affect the product of hydrogen
reduction. On the basis of these findings, the FeCoNi MEA
can be prepared by the hydrogen reduction method.

Vacuum melting (200)
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3 (111) 3
:>, H k (220) :>,
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hydrogen
(200)
A T (220
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Fig. 8. XRD patterns of the product prepared by co-precipit-
ation followed by hydrogen reduction.
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Fig. 9. (a) SEM image and (b) EDS result of the product prepared by co-precipitation followed by hydrogen reduction.

Table 8. Energy spectrum analysis of FeCoNi MEA pre-
pared by co-precipitation followed by hydrogen reduction

Element Weight percent / % Atomic percent / %
Fe 33.34 34.51
Co 33.33 32.68
Ni 33.33 32.81

3.4. Magnetic properties of FeCoNi MEA

The magnetic properties of products prepared by the
sol—gel/co-precipitation followed by carbothermal reduction
were tested using PPMS, and the results were shown in
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Fig. 10. Results showed that the saturation magnetization
of the sample prepared by sol—gel followed by carbothermal
reduction was 152.7 emu-g', and the coercivity was
275.1 A-m™". As for the sample prepared by the co-precipita-
tion followed by carbothermal reduction, the saturation mag-
netization and coercivity were 147.7 emu-g' and 210.7
A-m™", respectively. The two products exhibited a relatively
weak magnetic performance. The main reason was attributed
to the existence of the carbon phase. The phase interface in
the alloy greatly hindered the movement of the magnetic do-
main wall, causing a large coercivity.
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Fig. 10. Hysteresis loops diagram of products prepared by (a) sol-gel method and (b) co-precipitation followed by carbothermal re-

duction.

The magnetic properties of the FeCoNi medium-entropy
alloy prepared by co-precipitation followed by hydrogen re-
duction method were tested using PPMS, and the results are
shown in Fig. 11. From Fig. 11, it can be observed that the
saturation magnetization of the FeCoNi medium-entropy al-
loy prepared by co-precipitation hydrogen reduction method
is 155.8 emu-g ', with a coercivity of 113.5 A'm™", indicat-
ing good soft magnetic properties.

Furthermore, the saturation magnetization of the FeCoNi
medium-entropy alloy prepared by vacuum arc melting was
measured using PPMS, yielding a value of 155.9 emu-g ' and
a coercivity of 109.6 A-m'. The saturation magnetization
and coercivity of FeCoNi medium-entropy alloys prepared
using the sol-gel thermochemical reduction method, chemic-
al co-precipitation thermochemical reduction method, and
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Fig. 11. Hysteresis loops diagram of the product prepared by

co-precipitation followed by hydrogen reduction.
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chemical co-precipitation hydrogen reduction method are
summarized in Table 9. It can be concluded that the coerciv-
ity of the FeCoNi medium-entropy alloy prepared by hydro-
gen reduction is lower than that of the alloy prepared by ther-
mochemical reduction, and it has a coercivity similar to that
of the vacuum arc melting method, indicating better soft
magnetic properties.

Table 9. Summary of saturation magnetization and coerciv-
ity of different preparation methods
M,/ H./
Method (emug’) (Am™)
Sol—gel thermochemical reduction
method 152.7 275.1
Chemical co-precipitation
thermochemical reduction method 1477 2107
Chemical co-precipitation hydrogen 155.8 113.5
reduction method ’ ’
Vacuum arc melting method 155.9 109.6

4. Conclusions

The focus of this article is experimental research that ex-
plores a novel method for producing medium entropy alloys
composed of FeCoNi. The process involved a combination of
hydrometallurgy and pyrometallurgy, utilizing solutions con-
taining Fe, Co, and Ni as the primary materials. According to
the various conditions tested, the results are summarized as
follows.

(1) Both the sol-gel method and the co-precipitation
method can be utilized to produce amorphous FeCoNi medi-
um entropy alloy precursors with atomic ratios of Fe, Co, and
Ni that are nearly 1:1:1. It was speculated that the sol-gel
method yields a complex citrate precursor, while the co-pre-
cipitation method produces a complex hydroxide or hy-
droxyl oxide precursor.

(2) The decomposition temperature of the FeCoNi pre-
cursor was determined by TG-DSC analysis. Based on
FactSage software, the AG—T diagrams of chemical reac-
tions occurring during carbothermic and hydrogen reduc-
tions and the isothermal liquidus diagram of the Fe—Co—Ni
ternary system were drawn. As a result, it was determined
that the optimal reaction temperature for the preparation of
entropy alloy in FeCoNi using the carbon thermal reduction
method and hydrogen reduction method was 1500°C.

(3) Two preparation methods, carbothermal reduction and
hydrogen reduction, have been explored. At the same reac-
tion temperature, the carbothermal reduction was incomplete.
The residual carbon and oxides in the carbothermal reduc-
tion products also cause diffraction peaks to shift. The hydro-
gen reduction method can completely reduce the precursor.
The FeCoNi MEA can be prepared by the hydrogen reduc-
tion method.

(4) The FeCoNi medium entropy alloy, prepared usin-
g hydrogen reduction, has a saturation magnetization of
155.8 emu-g ' and a coercivity of 113.5 A‘m". These mag-
netic properties were comparable to the ones obtained from

vacuum arc melting. Moreover, it was superior to the mag-
netic properties of the FeCoNi medium entropy alloy that
was prepared using carbothermal reduction.
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