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Abstract: The process of preparing surface composite by
molten salt co-deposition is the result of the mass transfer
of active particles in molten salt, electrochemical reduc-
tion, and solid diffusion. In this study, we prepared Cr–Ni
alloy/low-carbon steel surface composites in NaCl, KCl,
NaF, Cr2O3, and NiO melt salt system successfully, and
analyzed the entire diffusion dynamics process, aiming to
find out the limiting links and provide ideas for further
improving the preparation efficiency. The results show
that chromium and nickel ions are simultaneously reduced
on the cathode surface through two and one steps, respec-
tively. And an alloy layer with Fe content of 64.52 wt%, Ni
content of 28.96wt%, and Cr content of 6.52wt% is formed
on the surface of low-carbon steel substrate. The average
diffusion coefficients of chromium and nickel atoms in the
surface composites are 1.16 × 10−14 and 1.44 × 10−14m2·s−1.
The mass transfer process in molten salt is the limiting link
in the whole preparation process.

Keywords: electrochemical co-deposition, diffusion kinetics,
Cr–Ni alloy/low-carbon steel surface composite, diffusion
mechanism, diffusion coefficients, melt salt

1 Introduction

Electrochemical deposition in molten salt is one of the
most important methods to prepare surface composites.
This method can not only carry out the reduction of
oxides and the purification of rare metals but can also
prepare metallurgical bonded surface gradient compo-
sites in one step, which are widely used in metallurgical
production, energy, environmental protection, material
preparation and other industrial technology fields. Sun
et al. [1] deposited high-purity tungsten with good adhe-
sion on the graphite cathode. Dubrovskiy et al. [2] elec-
trochemically synthesized Mo2C coatings with different
structures on molybdenum substrate. Yasuda et al. [3]
studied the effect of temperature and current density on
the electrodeposition of Si films in KF–KCl–K2SiF6 molten
salt system, and experimentally obtained the diffusion
coefficient of Si4+ ions. Zhang [4] studied the co-deposi-
tion behavior of Ce(III) and Mg(II) on tungsten electrodes
in CaCl2–NaCl melt, and calculated the diffusion coeffi-
cient of ions. Huang et al. [5] studied the electrochemical
reduction process of Y(III) and the cathodic behavior of
Y2O3 in YF3–LiF molten salt system, and calculated the
diffusion coefficient of Y(III). Wang et al. [6] prepared
silicide coatings containing MoSi2 and Si–MoSi2 by electro-
deposition on molybdenum substrate, and discussed the
relevant deposition mechanism. Huang et al. [7–10],
respectively, deposited Ir coatings on graphite, Re, and
Mo cathodes. Kuznetsov [11] electrodeposited the nio-
bium coating on M1 copper, MAGT-0.05 copper alloy,
and MAGT-0.2 copper alloy, and measured the mutual
diffusion coefficient of niobium. The dynamic process of
preparing surface composites by molten salt electro-
chemical method includes three steps: mass transfer of par-
ticles inmolten salt, reduction of ions, and solid diffusion of
atoms in the matrix. The studies on the mass transfer pro-
cess and electrochemical reduction process of particles in
molten salt are more compared to the studies on solid diffu-
sion process of matrix. The solid-state diffusion process of
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atoms in the matrix should also be considered to compre-
hensively study the whole dynamic process.

The drawbacks of easy oxidation and corrosion of
low-carbon steel severely limit its application in certain
special requirement areas. At the same time, the lack of
chromium and nickel resources and high prices limit the pro-
duction and application range of stainless steel. Therefore,
preparing a Cr–Ni alloy/low-carbon steel surface composite
material can combine the excellent properties of the two
materials tomake up for the shortcomings, and has important
theoretical significance and practical value for saving
resources and expanding the range of material use. In
this study, the Cr–Ni alloy/low-carbon steel surface com-
posites were successfully prepared by electrochemical deposi-
tionmethod in NaCl–KCl–NaF–Cr2O3–NiOmolten salt system.
It not only improved the corrosion resistance of low-carbon
steel substrate, but also greatly reduced the preparation cost of
materials. The diffusion coefficients of chromium and nickel
atoms in low-carbon steel were calculated through experi-
ments and dynamic calculations, and the overall diffusion
dynamic behavior in the preparation process was discussed.
The research results can provide ideas for improving the effi-
ciency of molten salt electrodeposition.

2 Experimental method

2.1 Materials and treatment

The raw materials selected for molten salt system include
analytically pure NaCl, KCl, NaF, Cr2O3, and NiO. According
to XNaCl:XKCl:XNaF = 2:2:1 molar ratio of molten salt compo-
nents, and 2% molar content of Cr2O3 and NiO, 200 g
analytically pure reagents were weighed to ensure suffi-
cient chromium and nickel sources in the process of
molten salt electrolytic deposition.

First, grind the used initial reagents into powder,
then place the reagents in a vacuum drying oven, dry it
at 493 K for 720min to remove the crystal water in the
reagents. Second, put the cooled reagents into a 50ml
high-purity graphite crucible, and cover it for sealing.
Finally, put the crucible into a closed well type resistance
furnace, and pass 100ml·min−1 argon for protection.
When the temperature reaches 1,073 K, keep the heat
for 7 h to saturate the molten salt [12,13].

2.2 Electrochemical detection

The Zahner electrochemical workstation (IM6eX, Germany)
and three electrode detection systems were used to measure

the parameters of relevant electrochemical reactions in the
molten salt system (Figure 1).

Because the common reference electrode cannot work
in high temperature molten salt, we chose the platinum
electrode with good reversibility, high exchange current
density, stable potential, and good reproducibility as the
reference electrode. The working electrode, reference elec-
trode, and counter electrode were all made of 99.99% pla-
tinum. Keep the distance between the three electrodes at
10mm during the detection. First, an alumina tube having
an inner diameter of 0.6mm was used as the sleeve to
protect the platinum wire with a diameter of 0.5mm.
Two platinum wires of length 1 cm at the upper and lower
ends of the corundum tube were used as the reference
electrode and working electrode, and the other platinum
wire is connected with the platinum sheet as the counter
electrode. Second, the platinum sheet was polished slightly
with 5,000 mesh sandpaper, washed with 5% dilute hydro-
chloric acid for 1min, put into anhydrous ethanol, and
shaken with an ultrasonic cleaner for 5min. Third, the three
electrodes were inserted into the molten salt, and connected
to the electrochemical workstation to conduct electrochemical
measurement in the NaCl–KCl–NaF–Cr2O3–NiO molten salt.

Before the formal measurement, pre-electrolysis was
performed for 2 h at a constant voltage of 2 V to remove

Figure 1: Schematic diagram of electrochemical detection system.

Table 1: Composition of low-carbon steel plate

Element C Si Mn P S Fe

Content
(wt%)

0.10 0.10 0.3 0.02 0.02 Remaining
amount
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residual water, oxide anions, and other compounds. And then
the chronoamperometry curves of the molten salt were mea-
sured in the potential range of −0.33 to −0.98V.

2.3 Electrodeposition

Two electrode system was used to carry out electrodepo-
sition experiment. The anodematerial is high-purity graphite
plate. The cathode material is Q-195 low-carbon steel plate,
and its specific composition is shown in Table 1. Before the
experiment, 20mm × 20mm × 3mm low-carbon steel plate
was polishedwith silicon carbide sandpaper (320, 800, 1,000,
1,500, and 2,000mesh), and then soaked in 5%NaOH hydro-
thermal solution for 5min to remove grease. The pickling was
soaked in 5%hydrochloric acid solution for 1min, then rinsed
in an ultrasonic cleaner for 5minwith ethanol, and blown dry
with a blower to remove surface impurities. The 20mm ×
50mm × 3mm high-purity graphite anode was cleaned by
ultrasonic cleaner containing 10% hydrochloric acid solution
for 5min, rinsed with deionized water, and blown dry.

The processed cathode and anode electrodes were
inserted into the molten salt, and the electroplating
power (SMD-P, China) was switched on to carry out the
molten salt electrodeposition experiment. The specific
electrodeposition conditions are shown in Table 2.

2.4 Analysis and detection

The contents of chromium and nickel in the surface com-
posites of low-carbon steel along the diffusion layer were
detected by GDA750 glow discharge spectrometer.

3 Results and discussion

3.1 Analysis of diffusion dynamics results

3.1.1 Kinetic analysis of ion diffusion in molten salt

Figure 2 shows the chronoamperometric curve measured
by applying different electrode potentials to the molten
salt system. The chronoamperometric curves measured at

each electrode potential are typical chronoamperometric
curves, which conform to the characteristics that ion dif-
fusion in solution is the control link [14]. The reduction
process of chromium and nickel ions on the cathode is
shown on the chronoamperometric curve. With the gradual
increase in potential, there are three steps in the curve. The
first step (−0.39 to−0.41V) represents the process of Ni2+ being
reduced to metal Ni, the second step (−0.60 to −0.63V) repre-
sents the process of Cr3+ being reduced to Cr2+, and the third
step (−0.95 to −0.98V) represents the process of Cr2+ being
reduced to metal Cr. At the beginning of the experiment, the
circuit is in an open circuit state with the potential of 0. When
the constant potential is applied, the double electric layer on
the electrode surface charges rapidly, generating current on
the cathode, and then decreases rapidly. At the same time,
chromium and nickel ions begin to reduce on the cathode
surface. With the extension of time, the concentration of chro-
mium and nickel ions near the cathode surface decreases con-
tinuously, leading to concentration polarization which reduce
the current to a steady state slowly [15].

3.1.2 Diffusion dynamics of reduced atoms on the surface
of Cr–Ni alloy/low-carbon steel surface composite

Figure 3 shows the metallographic photo, SEM photo,
energy spectrum analysis results, and XRD pattern of

Table 2: Parameter of electrodeposition process in molten salt

Electrode spacing (mm) Bidirectional pulse current Current density (mA·cm−2) Temperature (K) Time (min)

20 1,000ms, ipositive:ireverse = 6:1, tpositive:treverse
= 3:1

300 1,073 180
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Figure 2: Chronoamperometric curves of cathodes with different
potentials in NaCl–KCl–NaF–Cr2O3–NiO molten salt at 1,073 K.
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the Cr–Ni alloy/low-carbon steel deposited in the
NaCl–KCl–NaF–Cr2O3–NiO molten salt for 180 min at
1,073 K. It can be seen from the metallographic photos
and scanning electronmicroscope photos that a deposition
diffusion layer is formed on the surface of the substrate. The
iron content is 70.09wt%, chromium content is 6.14wt%,
and nickel content is 23.77wt%. It can be seen from the
XRD pattern that the diffraction peak of the product is
consistent with the standard spectrum of Ni–Cr–Fe alloy
(35–1,375). It illustrates that the Cr–Ni alloy and low-
carbon steel are mutually diffused under the action of
high temperature during electrodeposition to form the
Cr–Ni alloy/low-carbon steel surface composite.

Figure 4 shows the relationship between the element
content and the depth of the sample. It can be seen that

the content of chromium and nickel decreases with the
increase in the section depth of the sample, and the con-
tent of iron increases with the increase in the section
depth of the sample. It shows that chromium, nickel,
and iron inter diffused on the surface of low-carbon steel,
and a gradient layer with a certain thickness is formed.
The Cr–Ni alloy/low-carbon steel surface composite was
prepared by means of molten salt electrodeposition and
solid-state diffusion.

In the actual diffusion process, the diffusion coeffi-
cient of elements in the matrix changes with the concen-
tration of diffusing elements.

In order to obtain the atomic diffusion law of Cr–Ni
alloy/low-carbon steel surface composite prepared by
molten salt co-deposition process, the diffusion
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Figure 3: Cross section metallographic photograph, surface SEM image, EDS test, and XRD pattern of Cr–Ni alloy sample co-electrode-
posited in molten salts under different conditions (1,073 K, 300mA·cm−2, 180min).
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coefficients at different volume concentrations are calcu-
lated by Fick’s second law, Arrhenius law [16], and Den
Broeder formula [17] (formula (1)) under fixed tempera-
ture conditions. And the average diffusion coefficient of
the atom is obtained by fitting and averaging the obtained
diffusion coefficient curve within the measured volume
concentration range to reflect the general law of diffusion
coefficient of diffusing atoms at a specific temperature.
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Taking the surface as zero in the percentage content
curves of chromium and nickel, nine groups of percen-
tage contents and corresponding depths were obtained,
respectively, in the range of nickel 1–21% (step length
2.5%) and chromium 0.5–6.5% (step length 0.75%). The
data of different element volume concentrations and
matrix depth were fitted by Boltzmann function, and
the fitting equations CCr = f(x) and CNi = f(x) of chromium
and nickel diffusion were obtained, respectively.

According to Den Broeder formula, Matlab software is
used to calculate the mathematical expression of the diffu-

sion fitting equation ( )∫ −
+∞

∗
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x
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and ( )∂ /∂ ∗C x xB of chromium and nickel atoms on the sur-
face of low-carbon steel at 1,073 K. Finally, the diffusion
coefficients of chromium and nickel atoms at different
depths and concentrations are obtained. Figure 5 shows
the variation in diffusion coefficient of chromium and nickel
atoms with depth and percentage content.

The law in Figure 5 was solved by integral method,
and the average diffusion coefficient of chromium and
nickel in the surface of low-carbon steel at 1,073 K was
obtained, as shown in Table 3.
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3.2 Discussion on diffusion process

The process of co-deposition of Cr–Ni alloy/low-carbon
steel surface composites in molten salt is determined by
the combined effect of active particles mass transfer,
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Figure 4: Relationship between element content and section depth
of co-deposition sample in molten salt at 1,073 K.
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electrochemical reduction, and solid-state diffusion. The
specific process is shown in Figure 6. A large number of
active particles in molten salt undergo irregular Brow-
nian motion in molten salt. After the unidirectional cur-
rent is applied to the system, the active particles move
directionally under the action of the electric field, and
concentrate near the cathode surface to form an electric
double layer [18–20]. Chromium and nickel ions close to
the cathode get electrons to be reduced to atoms, and are
adsorbed on the cathode surface to form another concen-
tration gradient with the cathode material. Chromium,
nickel atoms and cathode will mutually diffuse in solid-
state at high temperature, and finally Cr–Ni alloy/low-
carbon steel surface composite will be obtained.

The typical chronoamperometric curves conform to
the characteristics that ion diffusion in solution is the
control link. This shows that the mass transfer rate of
active particles is the limiting link in the whole prepara-
tion process, which affects the preparation rate of mate-
rials. Under the action of the directional electric field,
the chromium and nickel active particles are concen-
trated on the cathode surface. The high concentration
of active particles is helpful to improve the electroche-
mical reduction reaction speed. However, due to the high

electrochemical reduction speed, the active ion concen-
tration in the electric double layer cannot be rapidly sup-
plemented, which reduces the speed of the whole pre-
paration process.

4 Conclusion

The Cr–Ni alloy/low-carbon steel surface composites were
prepared by molten salt co-deposition in NaCl, KCl, NaF,
Cr2O3, and NiO melt salt system, and the kinetics of the
preparation process was systematically studied. The
results show that a certain thickness of alloy gradient
layer is prepared on the surface of low-carbon steel
under the combined action of the mass transfer of chro-
mium and nickel active particles in molten salt, electro-
chemical reduction, and high-temperature solid diffusion.
The chromium and nickel ions are simultaneously reduced
on the cathode surface through two and one steps, respec-
tively. According to the detection data of the deposition
layer, the average diffusion coefficients of chromium and
nickel atoms in the surface composite are calculated to be
1.16 × 10−14 and 1.44 × 10−14 m2·s−1. Affected by the mass
transfer rate, the concentration of ions in the electric
double layer near the cathode cannot be rapidly supple-
mented, thus reducing the speed of the entire preparation
process.
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Table 3: Average diffusion coefficients of Cr and Ni of samples co-deposited in molten salt (1,073 K, 180min)

Element Fitting curve D = f(C) R Average diffusion coefficient (m2·s−1)

Cr D = exp(−29.94 – 17.55/(C + 3.53)) 0.99553 1.16 × 10−14

Ni D = exp(−36.20 + 0.28 C − 0.01C2) 0.99352 1.44 × 10−14

Figure 6: Dynamic diagram of electrodeposition process in
molten salt.
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