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Abstract: CoCrFeNi high entropy alloys (HEAs) were prepared by electro-deoxidization of metal oxides in CaCl, molten salt at 1173

K. The phase transformation from the metal oxides to HEA under different electrolysis durations was investigated by X-ray diffraction

(XRD), scanning electron microscopy (SEM), and energy dispersive X-ray spectroscopy (EDS). The results show that the formation

process of CoCrFeNi HEA includes two stages: the rapid deoxidization stage and deep deoxidization stage. In the rapid deoxidization

stage, 93.93wt% oxygen in sintered oxide pellet is removed within 1 h and the current efficiency reaches 89.95%. After electrolysis of
15 h, the oxygen content of the product is 0.26wt% and the current efficiency is 17.93%. The formation process of CoCrFeNi HEA

provides guidance for establishing the electrochemical route with low cost and high efficiency.
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Generally, the traditional alloys consist of one or two main
elements as the matrix and several minor alloying elements
for modifying the microstructure and properties’’. However,
the high entropy alloy (HEA), a relatively new type of
metallic materials, has attracted much attention for its unique
composition, microstructure, and excellent performance.
According to the definition proposed by Yeh et al”, HEAs are
typically composed of five or more principal elements in
equimolar or near-equimolar ratios, and each principal
element concentration is between 5at% and 35at%. Because
the large configurational entropy is in favor of the thermo-
dynamic stability in equimolar or near-equimolar ratios, the
HEAs tend to have a simple solid solution of single-phase
structure, and exhibit outstanding properties, such as high
strength and hardness, good structure stability, excellent
corrosion and oxidation resistance.

At present, the traditional preparation methods of HEAs
based on the product state in the preparation process are the
liquid method, the solid method, and the gas method™. But
the disadvantages, such as high preparation temperature, high
cost, and long process flow, of these preparation methods have
restricted the further application of HEAs. The method of the
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electro-deoxidization in molten salt has demonstrated that
HEAs can be synthesized directly from their mixed solid
!, Compared with the traditional methods, electro-
chemical reduction process has the advantages of low

oxides”

temperature and one-step reduction. Currently, many resear-
ches about the electro-deoxidization mechanism have been
made for different pure metal oxides™™. Sri et al® investigated
the reaction process during electro-deoxidization of the solid
Nb,O; discs in molten CaCl,. The results show that the
reaction pathway of Nb,O, is CaNb O.—~NbO,+NbO—Nb.
Jackson et al"” reported that NiTi alloy prepared via
electrochemical reduction in molten CaCl, involves a series of
partial reductions. Firstly, Ni and CaTiO, are formed rapidly
from NiTiO, precursor. Then, the intermediate compounds
Ni,Ti and Ni-Ti-O appear. Finally, NiTi alloy forms. In
addition, the reduction of other pure metal oxides and mixed
metal oxides to the pure metals and alloys via electro-
deoxidization in molten salt was also investigated. However,
the research on the formation process of HEAs has rarely been
reported™'’.

In this research, the formation process of CoCrFeNi HEA
was investigated by varying the electrolysis duration. The
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oxygen content and the current efficiency of the specimens
after different electro-deoxidization durations were obtained,
which provides the guidance for one-step and high efficiency
process of HEAs preparation.

1 Experiment

The solid oxide powders (commercially available solid
oxide in molar ratio of CoO:Cr,0,:Fe,0,:NiO=2:1:1:2) were
mixed in the ball mill for 1 h to ensure the uniformity. In order
to keep the similar electro-reduction rate for specimens with
different electro-deoxidization durations, NH,HCO, (reagent
grade, Sinopharma Chemical Reagent Co., Ltd, Beijing,
China) was used as fugitive agent”. The homogenized mixed
solid oxide powders of 2 g and NH,HCO, of 1 g were placed
in a cylindrical mold of 20 mm in diameter and die-pressed at
6 MPa (disc of 3.5 mm in thickness). Then, the die-pressed
specimens were dried at 353 K for 1 h to remove the
NH,HCO,. Finally, the green pellets were sintered at 1173 K
for 3 h.

The anhydrous CaCl, of 500 g (reagent grade, Sinopharma
Chemical Reagent Co., Ltd, Beijing, China) was dried at 443
K for 24 h to remove moisture. The reactor was vacuumed and
then flowed by argon to remove oxygen. Subsequently, the
temperature of the melt in alumina crucible was increased to
1173 K under argon atmosphere to melt salt. Fig. 1 presents
the schematic diagram of the experiment platform, electrolysis
cell, and appearance of the anode and cathode. The stainless-
steel wire mesh (75 pum) and the wire (0.1 mm in diameter)
were wrapped around the cathode pellet. The graphite rod (10
mm in diameter and 100 mm in height) was used as the anode.
The electrolytic voltage in the experiment was 3.0 V. The
electrolysis time ranged from 5 min to 15 h. After electrolysis,
the products were ground into powders and washed in
deionized water. Finally, the specimens were vacuum-dried at
333 K.

The theoretical decomposition potentials of each oxide into
the pure metal at 1173 K were calculated by HSC Chemistry
6.0 software', as listed in Table 1. The electrolytic voltage
was supplied by DC power supply (DP310, MESTEK, China).
The open porosity of the specimens was measured by
Archimedes’ method. The precursors and the products were
characterized by X-ray diffraction (XRD, D/max 2500PC,
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Fig.1 Schematic diagram of experiment platform, electrolysis cell,

and appearance of anode and cathode

Table 1 Possible reactions and related theoretical decomposition

potentials
No. Reaction AG,,;; /kJ-mol E\ 5 /V
1 2C00=2Co+0, (g) 303.036 -0.79
2 Cr,0,=2Cr+1.50, () 827.988 -1.43
3 Fe,0,=2Fe+1.50, (g) 516.287 -0.89
4 2NiO=2Ni+0, (g) 267.152 -0.69
5 CaCl,=Ca+Cl, (g) 623.491 -3.23

Rigaku, Japan), scanning electron microscopy (SEM) with
backscattered electron (BSE) mode, and energy dispersive X-
ray spectroscopy (EDS, TESCAN VEGA II with Oxford
INCA Energy 350). The ONH analyzer (THC600, Germany)
was used to measure the oxygen content of the cathodic
products.

2 Results and Discussion

2.1 Characterization of solid oxide precursors

Fig.2 shows XRD patterns of the mixed oxide powders and
the sintered pellet, indicating that no chemical reaction
happens during ball milling. The phases of the sintered pellet
include CoCr,0,, NiCo,0,, NiCr,0,, and NiFe,O,, suggesting
that the separated oxides can be converted to complex oxides
by sintering at 1173 K. This conclusion was also proposed by
Sure!. In addition, because NH,HCO, escaped when the die-
pressed specimens were dried at 353 K for 1 h, the mixed
oxide powder is not reduced by NH,HCO,.

SEM/EDS analysis was used to verify the homogeneity of
the individual oxide particles of precursors, as shown in Fig.3.
The obvious sintering phenomenon among the separated
original oxides occurs and the pores are distributed in the
sintered pellet uniformly, which is caused by the evaporation
of NH,HCO, fugitive agent during the sintering process''”.
The open porosity of the specimens prepared under the same
condition is 48.37vol%, which provides the same ion diffusion
rate in the mixed oxide pellets under different experiment
conditions. Fig.3c presents SEM-BSE image of the sintered
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Fig.2 XRD patterns of mixed oxide powder and sintered pellet
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Fig.3 SEM-BSE images (a~c) and EDS element distributions of Co (d), Cr (e), Fe (f), Ni (g), and O (h) for sintered oxide pellet

pellet. The EDS element distributions reveal that Co is
distributed uniformly, Ni is aggregated in a small area, and Fe
and Cr are dispersed uniformly in the area without Ni
aggregation. XRD results of the sintered pellet show that not
all the original oxides are converted into complex oxides in
the sintering process. There is some remaining NiO, which
leads to the aggregation of Ni. The uniform distribution of Fe
and Cr in the area without Ni aggregation is due to the
formation of spinel of CoCr,0, and Fe,0,.

2.2 Electro-deoxidization of solid oxide precursors

The theoretical decomposition voltages of CoO, Cr,0,,
Fe,O,, and NiO at 1173 K are 0.79, 1.43, 0.89, and 0.69 V,
respectively. Meanwhile, the generation of CO at anode offers
depolarization effect in the electrolytic cell, which promotes
the decrease of potential gain™. The theoretical decompo-
sition voltage of CaCl, electrolyte is 3.23 V, indicating that the
experiment voltage of 3.0 V in the two-electrode system is
insufficient to decompose the CaCl, electrolyte but sufficient
to electro-deoxidize the metal oxides.

Fig.4 presents the current (/)-electrolysis time (f) curve of
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Fig.4 Current (/)-electrolysis time () curve of sintered pellet (inset
images are appearance of the products after electrolysis for

different time)

the sintered pellet electrolyzed for 15 h. The inset images
show that the product powders changed from black to gray
with the increase of electrolysis time. There are 4 typical
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stages in the /-¢ plot of electro-deoxidization for 15 h in the
molten CaCl, at 1173 K. Firstly, a peak current forms at the
beginning of the electrolysis. Then the current decreases
sharply from 4.15 A to 3.90 A in a short time. Secondly, the
current gradually decreases from 3.90 A to 2.35 A during the
following 0.66 h. Thirdly, the current enters a slow decrease
stage from 1.77 A to 0.47 A during 0.75~3.5 h after a current
quick drop. Finally, the current decreases to a plateau stage,
which is close to the background current. The peak current
formed at the beginning of the electrolysis mainly benefits
from the large reaction area because the cathode pellet surface
is covered by stainless steel wire mesh. Different electrolysis
durations (5 min, 15 min, 0.5, 1, 3, 6, and 10 h) were selected
to investigate the electro-deoxidization and alloy formation
process. The inset curve shows the /-¢ curve of electrolysis in
1 h.

2.3 Structure and morphology characterization of catho-

dic products

XRD patterns were used to identify the composition of the
product powders from black to gray, as shown in Fig. 5.
According to the changes in diffraction peaks of specimens
after different electrolysis durations CoCrFeNi HEA can be
found at electrolysis time of 3 h. After electrolysis of 3 h, the
phases do not change with further extending the electrolysis
time. XRD pattern of product after electrolysis of 5 min shows
that the Ni, Co, and CaCr,0, appear. On the one hand, the
formation of Ni and Co in the first 5 min benefits from the
large contact area between cathode oxide pellet and stainless-
steel wire mesh due to the large initial reaction interface and
good conductivity. On the other hand, the low theoretical
decomposition potentials and oxide valence make NiO and
CoO easy to be electro-reduced into pure metal. CaCr,O, in
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Fig.5 XRD patterns of specimens after different electrolysis durations

the reduced specimens is generated, and calcium ions play an
active role in the reduction process and are temporarily found
in the cathode™'". Eq.(1) and Eq.(2) reveal the reactions as

follows:
4Cr,0, + 3Ca’" + 6e” = 2Cr + 3CaCr,0, (1)
CaCr,0, + 6e” = 2Cr + 40*" + Ca*" ()

Cr diffraction peak cannot be found in XRD patterns due to
the trace content of Cr. Fig. 6 shows the SEM-secondary
electron (SE) and SEM-BSE images of the product after
electrolysis of 5 min. It can be observed that a small number
of other phases (light color phase) are distributed in the
specimens. SEM-SE and SEM-BSE images show that the
particles precipitated from the matrix in other phases are about
3 um in size. EDS spectrum of point 1 indicate that the
precipitated particles are the alloy phase consisting of Ni, Co,
and a little Cr. The EDS spectra of point 2 and 3 indicate that
the matrix phase consists of complex oxides and CaCr,0,.

XRD pattern of specimen after electrolysis for 15 min
shows that CoCrFeNi HEA, Fe,O,, FeO, and Fe form in this
stage. The appearance of CoCrFeNi HEA with face-centered
cubic (fce) structure in specimen is ascribed to the presence of
Fe. The calcium ferrite does not form in the electro-reduction
process of Fe,O,. The reduction of solid Fe,O, is carried out
by a two-step reduction: Fe,O,—FeO—Fe. This result agrees
with the conclusion of Gao"”.

Hence, the metal of Fe is electrolyzed later than Ni, Co, and
Cr. When Fe metal is produced in the molten CaCl, at 1173 K,
the HEA is likely to form among the metal of Ni, Co, Cr, and
Fe due to the high entropy effect"®"\. Fig.7 shows SEM-BSE
images and related EDS spectra of the specimen after
electrolysis for 15 min. From the SE images in Fig. 7, the
dendritic structure (Fig. 7a and 7d) and the precipitated
particles (Fig.7g) can be observed. EDS analyses were used to
identify the special phases in the product. The results of point
1 and 3 indicate that the dendritic structure is composed of Fe,
and different morphologies in dendritic structure may be
caused by Cr and Co. The results of point 2 and 4 indicate that
the matrix phase is mainly composed of CaCr,0, and complex
oxides. The results of point 5 and 6 represent the phase of Ni
and CoCrFeNi HEA, and the morphology of CoCrFeNi HEA
is nodular structure, as identified by XRD results.

XRD pattern of specimen after electrolysis for 0.5 h
indicates that the spinel phase in the sintered pellet disappears
after electrolysis for 0.5 h. The main oxide phases in the
cathode product are CaCr,0, and Cr,0, because the theoretical
decomposition potential of Cr,O, is higher than that of other
metal oxides, which leads to a slow electro-deoxidization
process. Besides the main phases of CoCrFeNi HEA, Fe also
exists in the cathode product because the dendritic iron does
not form CoCrFeNi HEA due to the long diffusion distance
with other elements. Fig. 8 shows SEM-SE and SEM-BSE
images and EDS spectra of the product after electro-
deoxidization for 0.5 h. As shown in Fig. 8b, it can be
observed that the main phase has nodular structure. EDS
analyses of point 2 and 4 indicate that the nodular structure
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Fig.6 SEM-SE (a, ¢) and SEM-BSE (b, d) images of specimen after electrolysis for 5 min; EDS annlysis results of point 1 (e), 2 (f),

and 3 (g) in Fig.6d

phase is CoCrFeNi HEA in non-equimolar ratio. EDS
analyses of point 1 and 3 exhibit the unreduced CaCr,O, and
Fe metal, respectively, which do not form HEA.

The cathode product after electrolysis for 1 h consists of
CoCrFeNi HEA, metal Fe, and NiCoCr phases. The oxide
phases disappear after electrolysis for 1 h in CaCl, molten salt
at 1173 K. Fig.9 shows the SEM-SE and SEM-BSE images
and EDS spectra of the product after electrolysis for 1 h.
Fig.9a and 9d show that the phase of dendritic structure and
coupling shape exists in the nodular structure matrix phase.
Fig.9b, 9c, 9e, and 9f present the phases of dendritic structure
and coupling shape. EDS analyses of point 1 and 2 indicate
that the phase of dendritic structure and the coupling shape is
Fe-rich phase, which is similar to the phases observed in
Fig. 7a and 7b. This result indicates that Fe is reduced and
aggregated firstly, and then diffused and alloyed with other
elements during the formation process of HEA in molten salt
electrolysis.

XRD pattern of the product after electrolysis for 3 h shows
that the CoCrFeNi HEA is the only phase in the product.
Fig. 10a~10h show SEM-BSE images of the products after
electrolysis for 3~15 h. All images reveal a nodular structure
with the individual particles closely joined together at their
interfaces, and the morphology of CoCrFeNi HEA is not
affected by the processing time. Fig. 10i~101 display element
distributions of the CoCrFeNi HEAs reduced for different

durations. The composition of different CoCrFeNi HEAs is
listed in Table 2. The result indicates that Fe, Co, and Ni are
uniformly distributed and only a small amount of Cr is
aggregated in the certain areas. The similar element
distributions were also reported by other studies®”". Dai*”
pointed out that the compounds of Cr,C, and Cr,C, are
formed during the electro-deoxidization process, and C
element is produced by the side reactions of soluble CO,* and
calcium ions.

2.4 Oxygen content, current efficiency, and energy con-

sumption of HEAs

There are 4 typical stages of CoCrFeNi HEA formation in
the /-t plot. In the second stage, the current gradually
decreases from 3.90 A to 2.35 A as electrolysis time ranges
from 5 min to 0.5 h. XRD patterns of the specimens after
electrolysis for 5 min~0.5 h show that metal oxide phases
always exist. However, metal oxide phases disappear in the
specimen electrolyzed for 1 h after the current drops. As
shown in Fig.11, it can be concluded that the second stage is
the rapid deoxidization stage, in which 93.93wt% oxygen in
sintered oxide pellet was removed within 1 h and the current
efficiency reaches 89.95%. The decrease of oxygen content of
the products after electrolysis for 1~15 h is only 3.11wt% (the
oxygen content of specimens after electrolysis for 15 h is
0.26wt% ), but the current efficiency decreases from 89.95%
to 17.93%. It can be demonstrated that the third and fourth
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Fig.8 SEM-SE (a, ¢) and SEM-BSE (b, d) images of specimen after electrolysis for 0.5 h; EDS analysis results of point 1 (e), 2 (f), 3 (g),

and 4 (h) in Fig.8d

stages in /-¢ plot is the deep deoxidization stage. The main
reason for the low current efficiency is the high background
current caused by the side reactions of soluble CO,” and
calcium ions™. In general, the side reactions can be inhibited
effectively and the current efficiency is improved significantly
24,25]

by an inert anode'
The energy consumption of CoCrFeNi HEA preparation

with different oxygen contents is also plotted in Fig. 11. The
results show that the energy consumption of specimen after
electrolysis of 1 h (3.37wt% oxygen) is 4 kW-h/kg, which is
significantly lower than that treated by iron metallurgy.
However, the energy consumption increases linearly as oxy-
gen content decreases, and eventually reaches 14.7 kW-h/kg
with 0.26wt% oxygen, which is higher than that treated by
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Table 2 Chemical composition of CoCrFeNi HEAs after diffe-

rent electrolysis durations (at%)

Electrolysis time/h Cr Fe Co Ni
3 26.81 25.14 25.25 22.80
6 32.34 19.61 27.45 20.60
10 27.20 30.08 23.85 18.87
15 26.54 23.98 27.54 21.94

N
8
:
)

-1

—@— Oxygen content

—m— Current efficiency 1
—&— Energy consumption 4
'><’ _

0\.\._\

————§
1 " L " !

.
=

[e]
o
Energy Consumption/’kW-h-kg

W
T
1
—_

N
(=]
)
oo

—
T

Oxygen Content/wt%
[\
>
(=]
Current Efficiency/%
S o

1
=)}

D
=}
1
~

0 3 6 9 12 15
Electrolysis Time/h

Fig.11 Oxygen content, current efficiency, and energy consumption

curves of specimens after electrolysis for 1~15 h

iron metallurgy. It has been reported that oxygen and carbon
doping in HEAs can significantly enhance the strength and
ductility®*”. In addition, a mixture of the individual metal
oxides and graphite was deoxidized in a melt of CaCl, at 1173
K to synthesize nanoscale (TiNbTaZrHf)C HEA using modern
additive manufacturing techniques, and the preliminary tests
also indicate a possible application in supercapacitors™. The
oxygen and carbon doping in HEAs not only solves the
problems of cathode carbon pollution and deep deoxidization,
but also improves the current efficiency significantly. This
result verifies the feasibility of HEAs preparation at low
processing temperature, which is a low-energy and high
efficiency process.

3 Conclusions

1) The formation process of CoCrFeNi high entropy alloy
(HEA) in molten salt during electro-deoxidization of metal
oxides consists of two stages: the rapid deoxidization stage
and the deep deoxidization stage. In the first stage, 93.93wt%
oxygen in sintered oxide pellet is removed within 1 h and the
current efficiency reaches 89.95%. In the second stage, the
oxygen content of the products after electrolysis for 15 h is
0.26wt%, but the current efficiency is only 17.93%.

2) In the electro-deoxidization process, NiO and CoO are
reduced into pure metal more easily than Cr,0, and Fe,O,. Fe
is reduced and aggregated firstly, and then diffused and
alloyed with other elements to form HEA during electro-
chemical deoxidization. Because the mechanical properties of
HEAs can be enhanced by oxygen and carbon doping, the
disadvantages of electrochemical reduction with graphite,

such as carbon pollution of cathode, difficulty of deep
deoxidization, and low current efficiency, can be conquered.
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CoCrFeNi S/iE S A EREN BB ER AT AT IE

Vo, B, Wi, WINSC, RRIE, R
(1. PR MELRE S TR, HIK 400044)
(2. F KRR WA S 5 HTMRI E PG H AT 5000 %, FPK 400044)

M FE: 1E1173 K PR 2R A DTE CaClL i EE P aEAT S, Hil46 T CoCrFeNi miffi &4z, L XS EATH (XRD). 3l HL T2 st
(SEM) FIfiE & (i X BT LLRENE (EDS) BFFE T AN [ LIRS 1] < J S e (b il 15 B AR AR 1L R . 25 2R W], CoCrFeNi i & <
FO T J I R CL A B G A AR L A 2 B B fEBRE B PT B, 72 1 h N 5Bk 1R ARk 93.93% (T2 H0D MIE, B
HILF89.95%. HUESHG, PR SEIX0.26% (FESHD, HRAEN17.93%. Zmiia e nl T4 S @ 0%
PN E SR AR o

REA: mof A BB TR EEE; RRREE
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