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Ni-Co-Fe alloy coating was prepared on the surface of copper by ultrasound-assisted electrodeposition
to improve the mechanical property of copper. The experimental results show that the special effects of
ultrasound affect the mass transfer and nucleation during electrodeposition, which leads to differences
in the mechanical property of Ni-Co-Fe alloy coatings. With the increase of ultrasound power, the
grains of Ni-Co-Fe alloy coatings are refined and the microstructure tend to be compact resulting in the
increase of hardness and elastic modulus which attributes to the enhancement of elastic recovery
ability and wear resistance. However, too much higher ultrasound power leads to the deterioration of
microstructure and decrease of hardness resulting in the decrease of elastic recovery and wear
resistance of Ni-Co-Fe alloy coatings. The Ni-Co-Fe alloy coating electrodeposited under ultrasound
power 120 W has nanocrystalline structure with average grain size of 50 nm and maximum hardness of
652.6 HV. Moreover, the elastic modulus reaches 202.4 GPa and the friction factor and wear amount
are only 0.32 and 0.82 mg respectively. Compared with copper, the Ni-Co-Fe alloy coating
electrodeposited under ultrasound power 120 W has good toughness, optimal elastic recovery and
better wear resistance which can significantly improve the mechanical property of copper.

Keywords: Ni-Co-Fe alloy coating; ultrasound-assisted electrodeposition; mechanical property;
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1. INTRODUCTION

Copper has excellent electrical conductivity, good thermal conductivity and nice ductility, but
its mechanical property is poor, such as low hardness, small elastic modulus and poor wear resistance.
Many works have shown that the chemical and physical properties of copper can be improved by
surface strengthening treatment, so as to better meet the requirements of applications. At present, the
technologies suitable for the surface strengthening treatment of copper mainly include
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electrodeposition, chemical vapor deposition, thermal spraying, plasma bombardment and laser
cladding [1-7]. Among them, electrodeposition has the advantages of simple process, low cost and
high efficiency which is superior to other surface strengthening technologies.

Many researchers have used electrodeposition to strengthen the surface of copper to further
improve the overall properties of the coating by optimizing the electrodeposition process conditions [8-
12]. The results show that ultrasound-assisted in electrodeposition process can improve current
distribution on cathode and accelerate mass transfer rate, which is beneficial to promote nucleation and
refine grains size, thus improving the overall properties of coating. At present, most of the researches
on ultrasound-assisted electrodeposition focus on cobalt or nickel binary alloy coatings [13-17].
Compared with binary alloy coatings, ternary alloy coatings have better mechanical property.
Therefore, Ni-Co-Fe alloy coating was prepared on the surface of copper by ultrasound-assisted
electrodeposition to greatly improve the mechanical property of copper.

2. EXPERIMENTAL

2.1 Materials

Wire cutting method is used to cut copper as substrate material with size of 50 mmx30 mmx2
mm. The substrate is polished, chemically oiled, pickled activated and cleaned with deionized water
sequentially. And then, the substrate is dried in a drying oven. Table 1 shows the solution composition
and technological conditions of oil removal and pickling activation.

Table 1. Solution composition and technological conditions of oil removal and pickling activation

Process Solution composition Technological conditions
Qil NaOH 30 g/L, Na.CO3 15 70°C, 6 min
removal g/L, NazPOs 6 g/L
Pickling 10% (volume fraction) Room temperature, 1 min
activation hydrochloric acid

2.2 Preparation of Ni-Co-Fe alloy coating

Ni-Co-Fe alloy coating was electrodeposited on the surface of copper substrate using the
experimental device shown in Figure 1. The anode is electrolytic nickel plate and cathode is treated
copper substrate. The anode area is twice as large as the cathode. Table 2 shows the main composition
of the bath. The reagents used to prepare the bath are all analytically pure grade.

Ultrasound is generated by a constant frequency (40 kHz) ultrasound generator. When the
ultrasound acts directly on the bath, special effects will be produced to affect the electrodeposition
process of Ni-Co-Fe alloy coating. During the experiment, the bath temperature was maintained at
about 50°C, while the current density and electrodeposition time was 3 A/dm? and 60 min, respectively
under the condition of ultrasound power 0~240 W.
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Figure 1. Schematic diagram of experimental device

Table 2. Main composition of the bath

Reagents Concentration/

(gL
NiSO4 240
NiClz 35
CoSO4 20
FeSO4 12
H3BO3 50

2.3 Testing and analysis of Ni-Co-Fe alloy coating

After cleaning, the Ni-Co-Fe alloy coating sample was put into the oven at 200°C for 2 hour to
remove hydrogen and eliminate stress. And then, it was cut for testing and analysis as required.

2.3.1 Surface morphology and microstructure

The surface morphology of copper and Ni-Co-Fe alloy coatings was observed by S-4800
scanning electron microscope respectively. The microstructure of Ni-Co-Fe alloy coatings was
analyzed by electron diffraction (XRD) analysis using JEM-2010 high resolution transmission electron
microscope. The grains size of Ni-Co-Fe alloy coatings was measured and the grains size distribution
was plotted.
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2.3.2 Hardness testing

The hardness of copper and Ni-Co-Fe alloy coatings was measured by 401-MVD Vickers
hardness tester respectively. The applied load was 0.49 N, and the load was uniformly unloaded after
15 s. Five different positions on the sample surface were selected to measure, and the results were
averaged to reduce errors. In addition, the surface hardness indentation of copper and Ni-Co-Fe alloy
coatings was observed by scanning electron microscope.

2.3.3 Elastic modulus and elastic recovery property

The load-displacement curves of copper and Ni-Co-Fe alloy coatings were measured by
Nanoindenter G200 nano-indentation instrument, and the load changes were automatically controlled
by computer. The maximum load is 200 mN and the load retention time is 60 s. The elastic modulus
was calculated by Oliver-Pharr method, and the elastic recovery property of copper and Ni-Co-Fe alloy
coatings was evaluated by combining the maximum indentation depth and the recovery of indentation
depth after unloading.

2.3.4 Friction and wear property

The friction coefficient of copper and Ni-Co-Fe alloy coatings was measured by XP-5 friction
and wear tester at room temperature. The GCr15 steel ball was as the grinding piece, the load was 5 N
and the friction time and length was 360 s and 6 mm, respectively. After the friction test, the abrasive
debris on the sample surface was cleaned, and then the BSA2202S electronic balance was used to
weigh the wear loss of copper and Ni-Co-Fe alloy coatings.

3. RESULTS AND DISCUSSION

3.1 Surface morphology and microstructure of different Ni-Co-Fe alloy coatings

Figure 2(a) shows the surface morphology of copper, and Figure 2(b)~2(e) show the surface
morphology of different Ni-Co-Fe alloy coatings prepared on the surface of copper by ultrasound-
assisted electrodeposition under different ultrasound power. The comparison results show that the Ni-
Co-Fe alloy coating can be completely covered on the surface of copper with and without ultrasound.
However, ultrasound power has a certain influence on the surface morphology of the alloy coating. As
the ultrasound power increases to 120 W, the grains of the alloy coating are refined and the surface
tends to be flat and compact.

The reasons can be attributed to three aspects [18-20]: (1) ultrasound directly acts on the bath
to produce cavitation effect which can strengthen the mass transfer process and accelerate the
electrodeposition rate. Properly increasing the ultrasound power can effectively promote nucleation
and reduce the critical nucleation radius, thereby achieving grain refinement. (2) Ultrasound acts



Int. J. Electrochem. Sci., 17 (2022) Article Number: 220740 5

directly on the bath also can produce a strong shock wave, which will break the coarse grains into fine
grains, and achieve heterogeneous nucleation to further improve the nucleation rate. (3) The
transmission of ultrasound in the bath increases the local temperature of the contact interface between
the electrodeposition surface and the bath, which enhances the activation effect of the deposition
surface. Properly increasing the ultrasound power makes more metal ions participate in the reaction,
which improves the electrodeposition efficiency and also helps to improve the surface morphology of
the alloy coating. However, as the ultrasound power continues to increase from 120 W to 240 W, the
grains of the alloy coatings are coarsened, accompanied by a decrease in surface compactness. This is
because too much higher ultrasound power will generate flocculation and shock waves, which break
the equilibrium state of the electrodeposition reaction, resulting in a decrease in the electrodeposition
efficiency and deterioration of surface morphology.

Figure 2. Surface morphology of copper and different Ni-Co-Fe alloy coatings: a-copper; b-Ni-Co-Fe
alloy coating (ultrasound power 0 W); c-Ni-Co-Fe alloy coating (ultrasound power 60 W); d-
Ni-Co-Fe alloy coating (ultrasound power 120 W); e-Ni-Co-Fe alloy coating (ultrasound power
180 W); f-Ni-Co-Fe alloy coating (ultrasound power 240 W)

In comparison, the Ni-Co-Fe alloy coating electrodeposited under ultrasound power 120 W has
the best surface morphology. Figure 3 shows the electron diffraction pattern and grain size distribution
of the Ni-Co-Fe alloy coating prepared under ultrasound power 120 W. As can be seen from Figure
3(a), the electron diffraction pattern shows many clear loop shapes similar to corrugation, indicating
that the microstructure of the alloy coating is dense. It can be seen from Figure 3(b) that the grain size
is concentrated in the range of 40~55 nm, indicating that the grain size of the alloy coating is relatively
uniform. The average grain size is about 50 nm after selecting a certain number of grains, so it can be
inferred that the Ni-Co-Fe alloy coating has nanocrystalline structure. The nanocrystalline structure of
ally coatings prepared by ultrasound-assisted electrodeposition has also been reported [21-23].
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Figure 3. Electron diffraction pattern and grain size distribution diagram of the Ni-Co-Fe alloy coating
electrodeposited under ultrasound power 120 W: a-electron diffraction pattern; b-grain size
distribution diagram

3.2. Hardness and toughness of different Ni-Co-Fe alloy coatings

Figure 4 shows the hardness of different Ni-Co-Fe alloy coatings electrodeposited on the
surface of copper under different ultrasound power. As can be seen from Figure 4, the hardness
increases first and then decreases with the increase of ultrasound power. The reason is that the
appropriate ultrasound power can promote crystallization nucleation and refine grain size leading to
compact microstructure and enhancement of plastic deformation resistance. The ultrasonic on
mechanical property of materials is studied in many papers. For example, Zheng studied the effect of
ultrasonic power on mechanical property of Co-CrsCz coating [24]. Wang found that ultrasound is
beneficial to improve the wear resistance of Ni-SiC composite coating [25]. However, when the
ultrasound power is 120 W, the hardness of the as-prepared Ni-Co-Fe alloy coating reaches 652.6 HV,
which is about 5 times higher than that of copper (106.8 HV). Due to the dense microstructure of the
alloy coating, the plastic deformation degree is reduced when the hard indenter contacts the surface.
However, too much higher ultrasound power leads to the deterioration of microstructure and decrease
of plastic deformation resistance.
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Figure 4. Hardness of different Ni-Co-Fe alloy coatings electrodeposited on the surface of copper
under different ultrasound power
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Figure 5 shows the hardness indentation on the surface of copper and the Ni-Co-Fe alloy
coating electrodeposited under ultrasound power 120 W. It is observed that the surface hardness
indentation of copper and Ni-Co-Fe alloy coating both shows regular diamond shape. However, the
indentation size of the Ni-Co-Fe alloy coating is obviously smaller than that of the copper, which
further confirms that Ni-Co-Fe alloy coating have strong resistance to plastic deformation resistance
and high hardness. In addition, it is found that there are no obvious cracks on the indentation edges of
the Ni-Co-Fe alloy coating, indicating that Ni-Co-Fe alloy coatings have good toughness.

copper Ni-Co-Fe alloy coating

Figure 5. Hardness indentation on the surface of copper and the Ni-Co-Fe alloy coating
electrodeposited under ultrasound power 120 W

3.3 Elastic modulus and elastic recovery property of different Ni-Co-Fe alloy coatings

Figure 6 shows the load-displacement curves of copper and different Ni-Co-Fe alloy coatings.
It can be seen from Figure 6 that each curve is composed of a loading stage, a holding stage and an
unloading stage.

0 200 400 600 800 1000 1200
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/
Figure 6. Load-displacement curves of copper and different Ni-Co-Fe alloy coatings: a-copper; b-Ni-
Co-Fe alloy coating (ultrasound power 0 W); c-Ni-Co-Fe alloy coating (ultrasound power 60
W); d-Ni-Co-Fe alloy coating (ultrasound power 120 W); e-Ni-Co-Fe alloy coating (ultrasound
power 180 W); f-Ni-Co-Fe alloy coating (ultrasound power 240 W)
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The curves of each stage are relatively smooth, and there is no obvious sudden change,
indicating that copper and different Ni-Co-Fe alloy coatings have uniform microstructure. In the
loading stage, elastic deformation first occurs. As the load increases, the elastic deformation turns into
plastic deformation to a certain extent. In the unloading stage, it is mainly the deformation recovery
process, and the indentation is formed due to the large degree of plastic deformation.

The elastic modulus of copper and different Ni-Co-Fe alloy coatings is obtained according to
the Oliver-Pharr equation, as shown in Figure 7. It can be seen from Figure 7 that as the ultrasound
power increases, the elastic modulus increases first and then decreases. The analysis shows that the
appropriate increase of ultrasound power can refine the grain size and enhance the plastic deformation
resistance of the alloy coating, so that the elastic modulus increases. The relationship between grains
size and mechanical property is reported in some papers [26-28]. However, too much higher
ultrasound power leads to the deterioration of the surface morphology of the alloy coating and the
weakening of the resistance to plastic deformation, so the elastic modulus decreases. The elastic
modulus of the Ni-Co-Fe alloy coating electrodeposited under ultrasound power 120 W reaches 202.4
GPa, which is 1.8 times that of copper.
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Figure 7. Elastic modulus of different Ni-Co-Fe alloy coatings electrodeposited on the surface of
copper under different ultrasound power

The results show that the difference between the maximum depth of indentation during loading
and unloading can reflect the elastic recovery ability of the coating. The elastic recovery ability of
materials is investigated and reported in some literatures [29-31]. Figure 7 shows that the maximum
indentation depth of copper is about 1224.6 nm, and the indentation depth after unloading is about
951.7 nm. Therefore, the recovery of indentation depth accounts for 22.3%. As the ultrasound power
increases to 120 W, the proportion of indentation depth recovery of the alloy coating increases
gradually, indicating that the elastic recovery ability is enhanced. However, as the ultrasound power
increases from 120 W to 240 W, the proportion of indentation depth recovery decreases, indicating that
the elastic recovery ability becomes worse. In comparison, the Ni-Co-Fe alloy coating electrodeposited
under ultrasound power 120 W has the best elastic recovery ability, and the recovery of the indentation
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depth accounts for about 40%, which is closely related to the dense microstructure and good resistance
to deformation.

3.4 Friction and wear property of different Ni-Co-Fe alloy coatings

Figure 8 shows the friction coefficient and wear loss of different Ni-Co-Fe alloy coatings
electrodeposited on the surface of copper under different ultrasound power. It can be seen from Figure
8 that with the increase of ultrasound power, the friction factor and wear loss both show a trend of first
decreasing and then increasing. Appropriate ultrasound power makes the surface of the alloy coating
tend to be flat and the microstructure tends to be dense, resulting in improvement of hardness and wear
resistance. Many scholars have studied the effect of ultrasound on the wear resistance of materials
[32-33]. The Ni-Co-Fe alloy coating electrodeposited under ultrasound power 120 W has the lowest
friction coefficient (0.32) and wear loss (0.82 mg) which is approximate half of copper. Moreover, the
Ni-Co-Fe alloy coating has compact surface with higher hardness and better resistance to plastic
deformation, leading to the best wear resistance. However, too high higher ultrasound power leads to a
decrease in the hardness of the alloy coating and plastic deformation resistance. During the friction
process, the wear degree of the contact surface is increased, so the wear resistance is weakened, and
both the friction coefficient and the wear loss increase.
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Figure 8. Friction coefficient and wear loss of different Ni-Co-Fe alloy coatings electrodeposited on
the surface of copper under different ultrasound power

4. CONCLUSIONS

(1) During the electrodeposition of Ni-Co-Fe alloy coating, the applied ultrasound can
strengthen mass transfer and refine the grains to obtain the Ni-Co-Fe alloy coating with compact
surface and nanocrystalline structure. When the ultrasound power is 120 W, the hardness and elastic
modulus of the as-prepared Ni-Co-Fe alloy coating increases, which is manifested as the enhancement
of elastic recovery ability and wear resistance. However, too high higher ultrasound power has adverse
effects, resulting in the deterioration of microstructure, the reduction of hardness, and the decline of
both elastic recovery ability and wear resistance of Ni-Co-Fe alloy coating.
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(2) The Ni-Co-Fe alloy coating electrodeposited under ultrasound power 120 W has dense
microstructure and relatively uniform grains, with an average grains size of about 50 nm. Compared
with copper, the hardness and elastic modulus of the alloy coating are increased by about 5 times and
0.8 times, respectively. The Ni-Co-Fe alloy coating electrodeposited under ultrasound power 120 W
has the lowest friction coefficient and the smallest wear loss, showing good toughness and wear
resistance which can significantly improve the mechanical property of copper.
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