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riction and corrosion resistance
properties of a Ni–Co–Al2O3 composite coating

Zong-wei Jia, Wan-chang Sun,* Fang Guo, Ya-ru Dong and Xiao-jia Liu

Ni–Co–Al2O3 composite coatings were prepared by pulsed electrodeposition and electrophoresis–

electrodeposition on aluminum alloy. The content of Al2O3 particles of the Ni–Co–Al2O3 composite

coating prepared by electrophoresis–electrodeposition was significantly higher than the composite

coating prepared by pulsed electrodeposition. The composite coating prepared by electrophoresis–

electrodeposition exhibited a better anti-wear performance than that prepared by pulsed

electrodeposition. The morphology, composition and microstructure of the composite coatings were

determined by means of X-ray diffractometer (XRD) and scanning electron microscopy (SEM). The

hardness and friction properties of the samples were tested on the microhardness tester and the friction

and wear loss tester respectively.
1. Introduction

Aluminum alloys have a wide range of applications in the
aerospace, transportation and electronic packaging industries,
due to their light weight, high specic strength, good ductility,
high thermal conductivity, and low coefficient of thermal
expansion. However, their use is limited, due to their low
hardness, poor wear and corrosion resistance.1–4 The study of
the surface hardness, wear resistance and corrosion resistance
of aluminum alloys has become a focus and hotspot of research.
Among the many surface modication technologies, electrode-
position is considered one of the most important and cost-
effective industrial technologies, because it has the advan-
tages of simple technology, cheap equipment, scalability and so
on.5,6

The composite coating has a higher hardness, better wear
resistance and corrosion resistance. Therefore, it has wide
application prospect. Numerous studies have shown that the
hard ceramic particles such as (Al2O3, SiC, Cr2O3, TiO2, WC,
diamond) could signicantly enhance the mechanical proper-
ties and corrosion resistance of the composite coating.7–11 In
addition, the content of ceramic particles also affects the
performance of the composite coating. In general, the ceramic
particles will rene the surface structure of the coating, and they
will be uniformly distributed in the coating, which plays a vital
role on the properties of the composite coatings.12 In recent
years, since electrophoresis has drawn great attention in the
preparation of ceramic materials and coatings, it enables a large
number of ceramic particles to be uniformly deposited on the
ering, Xi'an University of Science and

ina. E-mail: sunwanchang@tsinghua.org.
surface of a substrate, which achieves a combination of
different materials.13–15 In this paper, the same Ni–Co–Al2O3

composite coatings were prepared by different processes
(pulsed electrodeposition and electrophoresis–electrodeposi-
tion). The content of alumina particles in the composite coating
prepared by electrophoresis–electrodeposition is much higher
than that of pulsed electrodeposition. The results show that the
composite coating prepared by electrophoresis–electrodeposi-
tion has more excellent performance in hardness, wear resis-
tance and corrosion resistance than the traditional pulsed
electrodeposition composite coating.
2. Experimental details
2.1 Pulse electrodeposition progress

The substrates are LY12 aluminum alloy with size 15 mm �
15 mm � 10 mm, and the average particle size of the alumina
particles (a-Al2O3, 99.99% in purity, ST-NANO, China) is
150 nm. The substrate was polished with 2000# abrasive paper
and washed in alkaline solution to remove surface oil and then
washed in acidic medium to remove the oxide on the surface of
magnesium alloy. Aer each step, the substrates were washed
with distilled water. Then the samples were treated in bath
which the temperature is 60 �C and the pH value is 3.0–6.0 for
50 min to obtain deposition coating and the concentration of
aluminum oxide is 10 g L�1. The deposition voltage was 1.55–
1.75 V. The composition of bath was listed in the Table 1.
2.2 Electrophoresis–electrodeposition progress

The sample pretreatment is the same as described above. The
sample is placed in an electrophoresis solution of ethanol as
a dispersant which the temperature is 55 �C for 300 s to make
the Al2O particles electrophoresised to the sample surface, and
This journal is © The Royal Society of Chemistry 2018
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Table 1 Solution composition

Reagent Value Factory Purity

NiSO4 300 g L�1 JHD >98.5%
NiCl 100 g L�1 JHD >98%
CoSO4 20 g L�1 JHD >99.5%
Al2O3 10 g L�1 ST-NANO 99.99%
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the composition of the electrophoresis solution are listed in
Table 2. The deposition voltage was 60–90 V. Then, the samples
were treated in the bath which the composition is same to Table
1 and the experimental conditions is the same to pulse elec-
trodeposition progress.
2.3 Characterizations

The cross-sectional and surface morphology of the composite
coatings were investigated using scanning electron microscopy
(SEM, JSM-6390A, JEOL Ltd., Tokyo, Japan) with an integrated
EDS system. The phase structures of the composite coatings
were analyzed by X-ray diffraction (XRD-7000; Shimadzu, Tokyo,
Japan) with a CuKa radiation. The microindentation hardness
of the coatings was measured on the cross-section by a micro-
indentation hardness tester (EM-1500L; Shanghai Everone,
Shanghai, China). The load and loading time were 200 gf and 15
seconds. The polarization curves of the samples were deter-
mined by CHI760D electrochemical system. The samples were
completely immersed in 3.5% NaCl solution for 25 minutes.
The friction coefficient of the composite coating was measured
using a friction and wear tester (HT-1000; Lanzhou Zhongkai,
Lanzhou, China). The test was carried out with disc speed at
560 rpm, using a bearing GCr15 ball (6 mm in diameter) under
a load of 5 N for 10 minutes.
3. Results and discussion
3.1 Morphology observation and EDS analysis of Ni–Co–
Al2O3 composite coatings

The morphology of the composite coating prepared by electro-
phoresis–electrodeposition and pulsed electrodeposition is
shown in Fig. 1. Fig. 1(a) shows that the cross-sectional
morphology of Ni–Co–Al2O3 composite coatings by pulsed
electrodeposition. The gray area on the le side is the
aluminum alloy matrix, the middle gray and narrow area is the
Ni–Co primer layer, and the gray area of the right side is Ni–Co–
Al2O3 composite coating. As can be seen from the Fig. 1(a), the
Al2O3 particles are uniformly dispersed in the Ni–Comatrix. The
binding of the coating with the substrate is well, without
particle agglomeration. Fig. 1(b) shows the surface morphology
Table 2 Composition of electrolytic bath

Reagent Value Factory Purity

Al2O3 10 g L�1 ST-NANO 99.99%
MgCl2$H2O 5 g L�1 Xi'an Chemical Reagent Factory >98.0%

This journal is © The Royal Society of Chemistry 2018
of the Ni–Co–Al2O3 composite coating by pulsed electrodepo-
sition. As shown in Fig. 1(b), the cell structure is homoge-
neously distributed and is dense. There are no obvious defects
and impurities on the coating surface. Fig. 1(c) shows the cross-
sectional morphology of the Ni–Co–Al2O3 composite coating
prepared by electrophoresis–electrodeposition. In Fig. 1(c), the
le side is Ni–Co–Al2O3 composite coating, the middle area is
the Ni–Co, and the right side is the aluminum alloy matrix. It is
obvious from the le composite coating that a large amount of
Al2O3 particles are distributed in the Ni–Co matrix and the
content is higher than that of the previous process. The thick-
ness of the composite coating is uniform. There are no other
defects on the coating surface. The surface morphology of the
electrophoresis–electrodeposition composite coating is shown
in Fig. 1(d). The surface of the Ni–Co–Al2O3 composite coating is
slightly rugged. Because a lot of the Al2O3 particles are depos-
ited on the aluminum alloy substrate, the Ni–Co alloy of pulse
electrodeposition could not fully ll clearance between the
Al2O3 particles. In addition, the growth of the Ni–Co matrix on
substrate deposited nano-Al2O3 particles could be disturbed
and limited.

It can be seen clearly from Fig. 1(a) and (c) that the content of
Al2O3 particles of the Ni–Co–Al2O3 composite coating (c)
prepared by electrophoresis–electrodeposition is higher than
the composite coating (a) prepared by pulsed electrodeposition.
During pulsed electrodeposition, the Al2O3 particles are
deposited on aluminum alloy substrate in an embedded
manner with the Ni–Co matrix. Because of the inuence of
stirring and Al2O3 particles own gravitation, the number of
Al2O3 particles co-deposited onto the surface of the cathode
sample is less. Some of the Al2O3 particles are deposited on the
cathode sample, but it is not well combined with the matrix and
may be returned to the bath again under the action of stirring.
Therefore, the content of Al2O3 particles in the Ni–Co–Al2O3

composite coating prepared by pulsed electrodeposition is
lower than Ni–Co–Al2O3 composite coating prepared electro-
phoresis–electrodeposition.

Fig. 2 describes the EDS patterns of the Ni–Co–Al2O3

composite coating prepared by the two processes. Fig. 2 (b) and
(d) show that composite coating contains nickel, cobalt, oxygen,
aluminum four elements. The result of energy spectrum anal-
ysis of composite coating prepared by pulse electrodeposition is
shown in Fig. 2(a) and Table 3. As shown in Table 3, the mass
fraction of aluminum element is 15.07% and the mass fraction
of oxygen is 9.76% in composite coating. The result of energy
spectrum analysis of composite coating prepared by electro-
phoresis–electrodeposition is shown in Fig. 2(c) and Table 4, as
shown in Table 4, the mass fraction of aluminum element is
26.53% and the mass fraction of oxygen is 18.6% in composite
coating. Therefore, the content of alumina particles in the
composite coating prepared by electrophoresis–electrodeposi-
tion is much higher than that of pulsed electrodeposition.

The elemental mapping of Ni–Co–Al2O3 composite coating
by the two processes is shown in Fig. 3. Fig. 3 (a)–(c) show
elemental mapping of the Ni–Co–Al2O3 composite coating
prepared by pulse electrodeposition. Fig. 3 (a)–(c) display the
elemental distributions of aluminum, cobalt and nickel
RSC Adv., 2018, 8, 12138–12145 | 12139
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Fig. 1 SEM micrographs of Ni–Co–Al2O3 composite coating by two different processes.
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respectively. Fig. 3 (d)–(f) show elemental mappings of the Ni–
Co–Al2O3 composite coating prepared by electrophoresis–elec-
trodeposition. Fig. 3 (d)–(f) display the elemental distributions
of aluminum, cobalt and nickel respectively. It can be seen from
Fig. 3(a) and (b) that the aluminum elements are evenly
distributed in the layer, meaning that the Al2O3 particles are
uniformly dispersed in the layer. Comparing Fig. 3(a) with
Fig. 3(d), it can be seen that the content of aluminum in the
Fig. 3(d) is signicantly higher than in Fig. 3(a). This means that
the content of the Al2O3 particles in the composite coating
prepared by electrophoresis–electrodeposition is higher than
that of the Al2O3 particles in the composite coating by pulse
electrodeposition. These conclusions are consistent with those
described above.
3.2 Composition of Ni–Co–Al2O3 composite coatings

The X-ray diffraction patterns of the Ni–Co–Al2O3 composite
coating prepared by the two processes are shown in Fig. 4.
Fig. 4(a) shows the X-ray diffraction spectrum of the composite
coating prepared by pulsed electrodeposited. The peaks of 2q ¼
44.507�, 51.846� and 76.37 in the spectrum could clearly show
the characteristic peaks of Ni and the diffraction peak is very
sharp. The characteristic peaks of Al2O3 are also found at 2q ¼
29.359�, 35.164, 38.155�, 68.212�. The results show that the peak
value of alumina in the composite coating prepared by
12140 | RSC Adv., 2018, 8, 12138–12145
electrophoresis–electrodeposition is higher, which indicates
that the content of Al2O3 particles in the Ni–Co–Al2O3 composite
coating is higher.
3.3 Microhardness of the Ni–Co–Al2O3 composite coatings

Fig. 5 displays the microhardness of the Ni–Co–Al2O3 composite
coating prepared by the electrophoresis–electrodeposition and
the pulsed electrodeposition. In order to clearly show the differ-
ence of microhardness of different coatings, rstly, a layer of Ni–
Co coating was prepared by pulsed electrodeposition on the
aluminum alloy substrate for 5 min. Then Ni–Co–Al2O3 coating
was prepared by pulsed electrodeposition for 15 min on Ni–Co
coating. The third step was to prepare a layer of nano-Al2O3

particles on Ni–Co–Al2O3 coating by means of electrophoretic
deposition for 200 s. The nano-Al2O3 particles are easily sepa-
rated from Ni–Co–Al2O3 coating, so the Ni–Co coating was elec-
trodeposited on it for 10min. The nano-Al2O3 particles with weak
binding force were tightly coated with Ni–Co matrix coating,
which with good binding force and high content of nano-Al2O3

particles. Fig. 4(a) shows the microhardness of aluminum alloy
matrix, the Ni–Co–Al2O3 composite coating prepared by pulsed
electrodeposition and the Ni–Co–Al2O3 composite coating
prepared by electrophoresis–electrodeposition. From Fig. 5(a), it
can be seen that the indentation of the coating is smaller than
that of the substrate, and the indentation has the following
This journal is © The Royal Society of Chemistry 2018
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Fig. 2 EDS micrographs of Ni–Co–Al2O3 composite coating by two different processes.
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tendency: aluminum alloy > pulsed electrodeposition Ni–Co–
Al2O3 composite coating > electrophoresis–electrodeposition Ni–
Co–Al2O3 composite coating, so Ni–Co–Al2O3 composite coating
Table 3 Energy spectrum analysis of Ni–Co–Al2O3 composite coat-
ings by pulse electrodeposition

Element (keV) Mass% Error% Atom% K

O K 0.525 9.76 0.05 24.92 12.8574
Al K 1.486 15.07 0.08 22.82 8.7701
Co K 6.924 18.8 0.43 13.03 19.1025
Ni K 7.471 56.37 0.55 39.23 59.2699
Total 100 100

Table 4 Energy spectrum analysis of Ni–Co–Al2O3 composite
coating by electrophoresis–electrodeposition

Element (keV) Mass% Error% Atom% K

O K 0.525 18.6 0.06 37.75 24.8301
Al K 1.486 26.53 0.09 31.93 17.5833
Co K 6.924 13.26 0.55 7.31 13.5675
Ni K 7.471 41.62 0.71 23.02 44.0191
Total 100 100

This journal is © The Royal Society of Chemistry 2018
prepared by electrophoresis–electrodeposition composite
process has better hardness. Fig. 5(b) shows the hardness valus of
the aluminum alloy matrix, the composite coating prepared by
pulsed electrodeposition and the composite coating prepared by
electrophoresis–electrodeposition. The microhardness of the Ni–
Co–Al2O3 composite coating prepared by the electrophoresis–
electrodeposition is about 550 HV, which is signicantly higher
than that of the pulsed electrodeposition composite coating and
the aluminum alloy matrix.

The hardness of Ni–Co–Al2O3 composite coating prepared by
electrophoresis–electrodeposition is improved signicantly,
mainly due to ne grain strengthening and dispersion
strengthening mechanism. The ne grain metals at room
temperature have higher strength, hardness than coarse grain
metals. Because the grain is ne, the grain boundary is twists,
which is more unfavorable to the expansion of the dislocation.
The content of Al2O3 particles of Ni–Co–Al2O3 composite
coating is higher, and the coated surface grains are ner.16,17 On
the basis of a large number of experiments, a general expression
Hall–Petch formula between grain size and metal strength was
established

sy ¼ s0 + Kd�n (3.1)
RSC Adv., 2018, 8, 12138–12145 | 12141
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Fig. 3 Elemental mappings of Ni–Co–Al2O3 composite coating by two different processes.
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where sy is the ow stress, s0 is the lattice friction, d is the grain
diameter, K is the constant (positive) associated with the
material, and the index n is always 0.5.

Dispersion strengthening stressed that the second phase
with ne particles evenly distributed in the grain of the solid
solution, which make the alloyed plasticity, toughness
decreased slightly and strength, hardness improved. The Al2O3

particles with high hardness as the second phase of solid
particles embedded in the composite coating, and they prevent
the movement of the dislocation and lattice deformation.
According to the relationship between the dislocation bending
stress and the radius of curvature (the following formula 3.2).18
12142 | RSC Adv., 2018, 8, 12138–12145
The smaller the particle, the higher the particle content, the
smaller the spacing between the particles and the particles
make the dislocation bending shear stress large and the
dispersion enhancement more obvious. The Ni–Co–Al2O3

composite coating prepared by electrodeposition–electrodepo-
sition contains a large amount of nano-sized alumina particles,
which makes the hardness of the composite coating greatly
improved under the condition of high dispersion.

s ¼ Gb

2R
¼ Gb

l
(3.2)
This journal is © The Royal Society of Chemistry 2018
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Fig. 4 XRD patterns of Ni–Co–Al2O3composite coating by two different processes: (a) pulse-electrodeposition; (b) electrophoresis–
electrodeposition.
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where s is the shear stress, G is the shear elastic modulus, R is
the misalignment bending radius, and l is the particle spacing.
3.4 Tribological behaviors of the Ni–Co–Al2O3 composite
coatings

The friction coefficient of the Ni–Co–Al2O3 composite coating
prepared by the two processes is shown in Fig. 6. Fig. 6 shows
that the friction coefficient of the coating prepared by pulsed
electrodeposition is lower than that of the composite coating
prepared by electrophoresis–electrodeposition at the beginning
of the experiment. With the increase of the experimental time,
the friction coefficient of the composite coating prepared by
pulsed electrodeposition began to be higher than that of the
composite coating prepared by electrophoresis–electrodeposi-
tion and was always higher than that of the latter. The reason is
that the content of Al2O3 particles in the composite coating
prepared by electrophoresis–electrodeposition process is higher
than that of the composite coating prepared by pulsed electro-
deposition. There is a layer of convex alumina particles on the
surface of the composite coating prepared by electrophoresis–
electrodeposition. In the initial experiment, the alumina
Fig. 5 Themicro-hardness of Ni–Co–Al2O3 composite coating by two d
same pressure, (b) the microhardness of two composite coatings.

This journal is © The Royal Society of Chemistry 2018
particles are easy to fall off so that the friction coefficient is
high. With the surface particles grinded, because the composite
coating prepared by electrophoresis–electrodeposition has high
hardness and deformation resistance, the friction coefficient
changes more slowly. When the friction coefficient reaches
about 0.45, the friction coefficient is almost unchanged.

Fig. 7 shows wear loss of Ni–Co–Al2O3 composite coatings
prepared by electrophoresis–electrodeposition and pulse elec-
trodeposition with the change of time. The Fig. 7 presents that
the wear loss of composite coating compared by electropho-
resis–electrodeposition is lower than that of composite coating
compared by pulse electrodeposition. As the composite coating
compared by the electrophoresis–electrodeposition has
a higher content of Al2O3 particles, the alumina particles as the
second phase is homogeneously dispersion in the composite
coating, which make composite coating has high hardness and
strong deformation resistance.

The wear scars of Ni–Co–Al2O3 composite coatings prepared
by two kinds of process conditions under the same friction
conditions are shown in Fig. 8. Fig. 8(a) shows the wear scars of
Ni–Co–Al2O3 composite coating prepared by pulsed
ifferent processes: (a) the creasing of two composite coatings under the

RSC Adv., 2018, 8, 12138–12145 | 12143
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Fig. 6 Friction coefficient of Ni–Co–Al2O3 composite coatings by
two different processes.

Fig. 7 Wear loss of Ni–Co–Al2O3 composite coatings with two
different processes.
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electrodeposition. Fig. 8(b) shows the wear scars of Ni–Co–Al2O3

composite coating prepared by electrophoresis–electrodeposi-
tion. From Fig. 8(a), it can be seen that some of the area of the
Fig. 8 Worn scars of Ni–Co–Al2O3 composite coatings by two process

12144 | RSC Adv., 2018, 8, 12138–12145
coating has been stripped from the substrate and shows
a signicant grain wear characteristics. From Fig. 8(b), it can be
seen that wear surface is relatively smooth, shallow furrow and
dose not appear peeling phenomenon, which perform the grain
wear characteristics also.

The wear resistance of the composite coating is related to the
phase structure and composition of the surface. The coating
with high strength and high hardness has good wear resistance.
As for the Ni–Co–Al2O3 composite coating, the Ni–Co matrix
belongs to matrix metal of high hardness, and the nano-Al2O3

particles as the second enhanced phase has a high hardness.
During the process of wear and tear, the Ni–Co–Al2O3 composite
coating prepared by electrophoresis–electrodeposition did not
appear obvious furrow, peeling and other characteristics.19
3.5 Corrosion resistance of the Ni–Co–Al2O3 composite
coatings

Fig. 9 shows the polarization curves (Tafel curves) of Ni–Co–
Al2O3 composite coatings prepared for two different processes,
in 3.5 wt% NaCl solution. Fig. 8 shows that the self-corrosion
potential of Ni–Co–Al2O3 composite coating prepared by elec-
trophoresis–electrodeposition is +0.065 V, and the self-
corrosion potential of Ni–Co–Al2O3 composite coating
prepared by pulsed electrodeposition is �0.114 V. It can be
described that the corrosion resistance of Ni–Co–Al2O3

composite coating prepared by electrophoresis–electrodeposi-
tion is better than that of Ni–Co–Al2O3 composite coating
prepared by pulsed electrodeposition. The Al2O3 particles are
inert ceramic particles which are not conductive itself, so they
play a role in the shield of composite coating and it will reduce
the size of the corrosion current. With increasing of Al2O3

particles, this phenomenon is more obvious. The Al2O3 particles
hinder the free crystallization of the matrix metal so that the
preferential orientation of the single crystal plane occurs in the
process of electrical crystallization and the surface potential of
the composite coating tends to be homogenization. The micro-
chemical uniformity of coating is more excellent, which makes
the driving force of the micro-battery of composite coating
reduced in the corrosive environment. Therefore corrosion
es: (a) pulse electrodeposition, (b) electrophoresis–electrodeposition.

This journal is © The Royal Society of Chemistry 2018
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Fig. 9 The Tafel polarization curves of Ni–Co–Al2O3 composite
coatings by two different processes.
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resistance of the composite coating is enhanced. Furthermore,
during the growth of the composite coating, the Al2O3 particles
make the nucleation rate increasing and the growth rate
inhibited.20 This dense composite structure is very useful in
suppressing the corrosion dissolution of composite coating.21

4. Conclusions

(1) The content of Al2O3 particles of Ni–Co–Al2O3 composite
coating prepared by electrophoresis–electrodeposition is higher
than that prepared by pulsed electrodeposition.

(2) The hardness of Ni–Co–Al2O3 composite coating prepared
by electrophoresis–electrodeposition is higher than that the
composite coating prepared by pulse electrodeposition. What is
more, the composite coating prepared by electrophoresis–elec-
trodeposition exhibited more excellent wear resistance and low
coefficient than the composite coating prepared by pulsed
electrodeposition.

(3) The composite coating prepared by electrophoresis–
electrodeposition with high Al2O3 content has good corrosion
resistance. The Al2O3 particles could improve the corrosion
resistance of the composite coating.
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