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Abstract: The effects of additives (polyethylene glycol (PEG), sodium dodecyl sulfate (SDS)) and WC nano-powder on
the microstructure, relative density, hardness and electrical conductivity of electroplated WC—Cu composite were
investigated. The preparation mechanism was also studied. The microstructure of samples was analyzed by XRD, SEM,
EDS, TEM and HRTEM. The synergistic effect of PEG and SDS made the WC—Cu composite more compact during the
electroplating process. The hardness of WC—Cu composites increased with the increase in WC content, while the
electrical conductivity decreased with the increase in WC content. The density of samples tended to increase initially
and then decreased with increase in the additive content. When the electroplating solution contained 10 g/ WC nano-
powder, 0.2 g/ PEG and 0.1 g/L SDS, the WC—Cu composite exhibited hardness of HV 221 and electric conductivity
of 53.7 MS/m. Therefore, the results suggest that WC—Cu composite with excellent properties can be obtained by

optimizing the content of additives and WC particles.
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1 Introduction

WC—Cu composites are functional materials
with excellent comprehensive properties, which
have attracted the attention of many researchers.
WC has the advantages of high melting point, high
hardness and good stability, and can be used as the
contact material of refractory skeleton and the hard
phase of wear-resistant material [1,2]. In addition,
WC and Cu can be combined to form WC—Cu
composite with good
conductivity, high wear resistance, high hardness
and high-temperature softening resistance [3].
WC-Cu composites have broad prospective
applications in integrated circuit (IC) lead frames,
resistive welding electrodes, contact materials,
commutators, etc [4—6].

At present, the common preparation methods

electrical and thermal

for WC—Cu composites include powder metallurgy,
composite casting, mechanical alloying and hot
pressing [7—11]. Powder metallurgy is a technology
that uses mixed powders of WC and Cu as raw
materials to form metal materials after forming and
sintering. Sintering process has high requirements
on equipment and high cost. Composite coating
technology is a kind of surface engineering
technology on the surface of the substrate, and then
another surface engineering technology treatment is
carried out to improve the surface state and
performance of the material. However, the
compactness and uniformity of the composite are
poor. Mechanical alloying and hot-press sintering
simple, but they require long
processing time and are expensive. Moreover, it is
very difficult to obtain high density materials
because WC and Cu do not dissolve in each other
and WC particles hinder sintering.

methods are
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Electroplating is an economical method for
preparing nano-composite coatings in one step
without secondary operations. During the plating
process, high temperature, vacuum formation or
expensive equipment are not required. Electro-
plating technology has become one of the
well-researched methods in recent years due to its
advantages such as simple process, low temperature,
low cost, and ability to prepare coatings with
low porosity and high density [12—15]. In nano-
composite coating materials, the decrease in
diameter of the reinforcing particles leads to
substantial increase in hardness, strength, wear
resistance and corrosion resistance of the coating.
Such coating materials with enhanced properties are
widely used in many industries including military
industry. The commonly used reinforcing particles
include SiO,, TiO,, Al,O;, WC, SiC, AIN, graphite,
carbon nanotubes, etc. [16—18]. In the process of
electroplating, the nanoparticles at the grain
boundary can prevent the movement of dislocations
and recrystallization at high temperatures, which
improves the microhardness and thermal
stability [19]. ZHOU et al [20] reported a method
for preparing Ni/WC/WS, composite coatings on
low carbon steel substrates through one-step
electroplating, and successfully obtained nickel-
based superhydrophobic coatings. AKBULUT
et al [21] prepared Cu/WC/graphene nano-
composites by electrophoretic deposition and
investigated the effects of WC and graphene
reinforcements on the structural and tribological
properties of the Cu matrix. Cu/graphene coating
and Cu/WC/graphene coating showed good wear
performance under dry sliding condition. As the
nanocomposite improves the load-carrying and
self-lubricating properties of the material, the
nanocomposite material has a lower coefficient of
friction compared to pure copper plating [22].
However, most of the WC—Cu composite prepared
by electroplating are powdery, and further sintering
is needed to obtain compact alloy materials.

In this work, bulk WC—Cu composite was
prepared by pulsed current (PC) electroplating by
adjusting the content of additives (polyethylene
glycol (PEG), sodium dodecyl sulfate (SDS)) and
WC nano-powder. The effects of additives and WC
nano-powder on the microstructure and properties
including the relative density, microhardness and

electrical conductivity of the samples were

investigated, and the preparation mechanism was
elucidated.

2 Experimental

2.1 Pre-modified WC powders

In this experiment, WC nano-powder
developed by our group was used as the reinforcing
material [23]. Ammonium metatungstate and water-
soluble organic carbon source were used as raw
materials, and spray drying was carried out after full
dissolution of raw materials in water. Then, WC
nano-powder with an average particle size of
200 nm was prepared by continuous carbon—
hydrogen coreduction—carbonization in a tube
furnace and followed by ball milling. WC
nano-powder was quickly mixed with PEG in
de-ionized water. PEG is inexpensive and is
commonly used as a dispersant to reduce powder
agglomeration. PEG is also used as a suppressor or
inhibitor which can reduce the deposition rate of
copper by two orders of magnitude during
electroplating [24,25]. The contents of WC powder
and PEG accounted for 5Swt.% and 0.1 wt.%,
respectively. The mixture was rapidly milled for 4 h
in an agate grinding cylinder with agate ball at
800 r/min. After pretreatment, the mixture of WC
powder and PEG was made into a suspension with
water, which was then poured into a plating solution
containing copper ions and mixed well.

2.2 Surface treatment of substrates

A copper plate with a purity of 99.999% was
used as the cathode and anode. In order to minimize
the effect of anodic polarization, the area ratio of
the anode to the cathode was set to be 2:1 [26].
Before electroplating, copper plates were subjected
to mechanical grinding from a low to high step
using 1000 to 3000 grade silicon carbide sandpaper.
Copper plates were then activated by submerging
them in 5 vol.% sulfuric acid and then 10 vol.%
hydrochloric acid for 2 min. Then, the plates were
rinsed in running distilled water and finally dried in
a forced air oven. The SEM micrograph of the
processed copper plate is shown in Fig. 1.

2.3 Electroplating

Electroplating was performed using a two-
electrode battery device, as shown in Fig. 2. The
Plating Electronics (Yue Yang Electric Appliance,
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60V/20A) pulse rectifier was used as the PC supply
to provide a plating current density of 2 A/dm®. The
frequency and duty cycle were 1000 HZ and 40%,
respectively. The process of electroplating was
terminated at 10 h.

Pulsed power
supplier

Copper Copper
(Cathode) (Anode)
wC

nanoparticles
Plating

solution

Fig. 2 Schematic of electroplating device for preparation
of WC—Cu composites

The base electrolyte included 125 g/L
CuSO4-5H,0, 200 g/L H,SO4 and 60 mg/L NaCl
dissolved in 500 mL deionized water. With SDS as
an accelerator, and PEG—4000 as a suppressor, the
pre-modified WC powder were added with different
concentrations (Table 1) to evaluate the effects of
WC concentration on the morphology and
properties of WC—Cu composites. In Samples 1, 2
and 3, the contents of PEG and SDS were 0.1 and
0g/L, 0.1 and 0.1 g/L, and 0.2 and 0.1 g/L,
respectively. In Samples 4 and 5, the contents of
WC nano-powder were 10g/L and 15 g/L,
respectively. Except for the above variables, the
content of other substances was the same.

In order to enhance the dispersibility of the
WC particles, the solution was stirred with a
magnetic stirrer during the electroplating process.

The plated WC—Cu composite was gently rinsed
with absolute ethanol and dried in an oven at 60 °C.

Table 1 Chemical composition of electroplating bath

€49

]?\f‘gh Cs“;;())‘" H,S0, NaCl PEG SDS px}ger
1 125 200 006 01 0 5
2 125 200 006 01 01 5
3 125 200 006 02 01 5
4 125 200 006 02 01 10
5 125 200 006 02 01 15

2.4 Characterization

Environmental scanning electron microscopy
(SEM, FEI Quanta 200F) was used to evaluate the
morphology of samples. X-ray diffraction (XRD,
Bruker D8 X-ray diffractometer Focus) with Cu K,
radiation (40 kV and 40 mA) was used for phase
analysis. High-resolution transmission electron
microscopy (HR-TEM, FEI TalosF200X) was used
to characterize the transition layer. The hardness
was measured using a Micro-Vivtorinox hardness
tester (HVS—1000). The electrical conductivity of
composites was examined by digital conductivity
instrument (Sigma 2008A). The densities of
samples were measured using the Archimedes
method. The content of W was measured by
ICAP-6300 inductively coupled plasma spectro-
meter (ICP, Thermoelectric Company, USA).

3 Results and discussion
3.1 Characterization

powder
SEM images of WC powders before and after

of pre-modified WC

pretreatment are shown in Figs.3(a) and (b),
respectively. As seen from Fig. 3(b), there was PEG
coating on the surface of polygonal WC particles
and the agglomeration of WC particles was also
significantly reduced. Since the surface deposition
activity of the WC powder is low, the coating on the
electrode would not be uniform without surface
pretreatment of the particles. Appropriate
pretreatment of WC powders can not only improve
the specific surface area of WC particles, but also
enhance the adsorption, nucleation and growth
ability of Cu on WC surface [27].
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Fig. 3 SEM images of WC powder: (a) Untreated,
(b) Treated

3.2 Microstructure of plating composite

Figure 4 shows XRD patterns of WC—Cu
composites prepared using electroplating with
different plating baths as well as the standard XRD
patterns of Cu and WC. As seen in Fig. 4(a),
WC—Cu composites only consisted of WC and Cu
phases. The peaks at 26=43.316°, 50.448° and
74.125° corresponded to the crystal planes of (111),
(200) and (220), respectively, indicating the face-
centred cubic structure of copper (Fig. 4(b)). The
XRD results suggested that the copper ions were
completely reduced to metallic copper. Three main
low-intensity peaks were observed at 26= 31.512°,
35.642° and 48.297°, which corresponded to the
(001), (100) and (101) crystal planes of WC,
respectively (Fig. 4(c)). The WC peak intensity was
the largest in the composite prepared by using
plating Bath 5 (15 g/L WC). Therefore, the presence
of WC peaks in the diffraction pattern confirmed
that the WC—-Cu composite was prepared by
electroplating.

The cross-sectional SEM micrographs of the
samples electroplated with different concentrations
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Fig. 4 XRD patterns of products (a) and standard XRD
patterns of Cu (b) and WC (c)
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of WC and additives are presented in Fig. 5. Figures
5(a), (b) and (c) correspond to the micrographs of
Sample 1, Sample 2 and Sample 3, which were
prepared in Bath 1, Bath 2 and Bath 3, respectively.
As listed in Table 2, the content of WC
nanoparticles in these three baths was the same, but
the content of additives was varied. In Bath 2,
0.1 g/L SDS additive was present and in Bath 3,
the content of PEG was increased to 0.2 g/L.
By comparing the micrographs of the samples in



1598 Yu-chao ZHAO, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1594-1604

Fig. 5 Cross-sectional SEM micrographs of samples electroplated with different concentrations of WC and additives:
(a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4; (e) Sample 5

Figs. 5(a), (b) and (c), it can be seen that
the difference in additives led to different
morphologies. The pores in Samples 2 and 3 were
significantly reduced and the copper matrix formed
by electroplating was more compact. Additives in
the plating bath have an important influence on
the preparation of homogeneous plating materials.
The formation mechanism of the dense plating
material is driven by the competitive adsorption of
the additive and the metal ion. The nucleation rate
is accelerated by increasing the number of active
sites so that the fine crystal alloy plating can be

produced [28].

Figures 5(d) and (e) correspond to the
micrographs of Sample 4 and Sample 5, which were
prepared in Bath 4 and Bath 5, respectively. The
content of additives in both baths was the same, but
the contents of WC nanoparticles in the two baths
were 10 and 15 g/L, respectively. Compared to the
micrograph of Sample 3, it can be seen that WC
content in Cu matrix increased significantly for
Sample 4 with the increase in WC content in
electrolyte solution. This result was consistent with
the XRD results. The increase in WC content in
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electrolyte solution possibly led to an increase in
the amount of WC particles adsorbed on the
cathode surface. Furthermore, ICP was used to
measure the content of W in the samples, and the
WC content of the five samples was found to be
15.9, 15.7, 16.1, 27.3 and 36.2 wt.%, respectively.
However, massive pores were observed in Sample 5
(Fig. 5(e)), most likely due to the presence of a
large number of WC particles that blocked the
electrodeposition of copper ions. The porosity was
also influenced by gravity and mechanical agitation,
along with the flow and shedding of a large number
of tungsten carbide particles which increased the

1599

formation of pores. Therefore, the physical
performance of the electroplating composite was
affected.

Figure 6 presents the SEM micrographs and
EDS mapping results of the electroplated Sample 5.
These results confirmed that WC was successfully
plated and dispersed uniformly in the Cu matrix.
The amount of the WC plated into the WC—Cu
composite measured by EDS method was about
35.8 wt.%, which was similar to the results of ICP.

Additionally, particle distribution in WC—Cu
composites was further determined by TEM
analysis near the WC—Cu interface, as illustrated in

Cu

T©

Cu
Element wt.%
C 2.23
Cu 64.16
W W 33.61
Cu
\W%
¥ Yw .
0 5 15 20
E/keV

Fig. 6 SEM micrograph and EDS mapping results of electroplated Sample 5



1600 Yu-chao ZHAO, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1594—1604

Fig. 7. Grain boundaries were clearly observed in
Fig. 7(a), and WC nanoparticles were uniformly
dispersed around the grain boundaries. The WC—Cu
interfaces consisted of WC (Position d and SAED

(2)
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Fig. 7 TEM images of WC—Cu composite: (a) TEM
image of Sample 4; (b) High magnification image of
Position b in Fig. 7(a); (c) Electron diffraction pattern of
Position ¢ in Fig. 7(b); (d) Electron diffraction pattern of
Position d in Fig. 7(b); (¢) HR-TEM image of Position e
in Fig. 7(b)

in Fig. 7(d)) embedded in Cu matrix (Position ¢
and SAED in Fig. 7(c)). Figure 7(e) shows the
HR-TEM image of the Position e in Fig. 7(b). As
shown in the high-resolution image, the lattice
fringe spacing in the light-colored region was
0.21 nm, which corresponded to the Cu (111)
crystal plane. The lattice spacing of the dark areas
was 0.28 nm, which was consistent with the WC
(001) crystal plane. The orientation relationship of
WC and Cu facilitated the strong bonding of the
interface between the strengthened WC phase and
the Cu matrix.

SEM images of the sample surfaces are shown
in Fig. 8. The unpolished sample surface consisted
of protrusions, similar to spherical, nodular
structures and the sample was gradually densified.
It has been reported that nodules originate from
existing protrusion points, and the nodules appear
to be spherical due to the minimization of surface
energy during formation [29]. In the process of
electroplating, WC nanoparticles were adsorbed on
the cathode surface, providing the protrusion point.
Cu ions (Cu®") were reduced to Cu around WC
nanoparticles to form spherical composite.

The schematic diagram describing the
formation of WC—Cu composites by electroplating
is presented in Fig. 9. After pretreatment, PEG was
wrapped around WC nanoparticles. When WC
nano-powder was added to the electroplating bath,
the nanoparticles dispersed in the electroplating
solution and were simultaneously encapsulated by
SDS and Cl. When the pulse power was switched
on, the anode copper lost electrons and became
Cu*" dissolved in the solution, while the cathode
Cu’" gained electrons and was reduced to Cu atom.
PEG on the surface of WC had a synergistic effect
with Cl in the electroplating solution, and it
chelated with copper ions to form a PEG—Cu'—CI
complex [30]. The complex produced a passivation
film on the surface of WC, which likely inhibited
the reduction rate of Cu ions during the
electroplating process. SDS accelerates atomic
deposition and is often used as a promoter. The
acceleration is due to the molecular structure of
SDS, including the head adsorption group that
effectively adsorbs the copper plating layer and the
terminal anionic group that adsorbs positively
charged copper ions from the copper plating
solution. Here, SDS was adsorbed on the surface of
WC nanoparticles and attracted positively charged
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Fig. 8 SEM surface morphologies of WC—Cu
(e) Sample 5
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composite: (a) Sample 1; (b) Sample 2; (c) Sample 3; (d) Sample 4;
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Fig. 9 Formation schematic of WC—Cu composites by electroplating
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copper ions during electroplating. The synergistic
effect of additives made the copper prepared by
electroplating more compact, and caused the WC
nanoparticles to be evenly dispersed in the copper
matrix to form WC—Cu composite.

3.3 Properties of plating composites

Table 2 presents the relative density values of
samples electroplated with different concentrations
of WC and additives. The density of samples
increased initially and then decreased with increase
in amount of WC. This is consistent with the
reduction of material shrinkage by the addition of
WC particles. When the concentrations of PEG,
SDS and WC were 0.2, 0.1 and 5 g/L, respectively,
the relative density of the sample was as high as
85.6% without distortions. This is similar to the
result of composite with equal WC content prepared
by common sintering method, which is about
80% [31]. This is consistent with the analysis
results in Fig. 5. Sample 3 has the least holes and
the best compactness. Therefore, Sample 3 has the
highest relative density.

Table 2 Relative density of samples electroplated with
different concentrations of WC and additives

Sample No. Relative density/%
1 73.8
2 77.8
3 85.6
4 72.9
5 69.5

The effects of WC and additives on the
hardness of the WC—Cu composite compared with
pure Cu are shown in Fig. 10. The hardness of
WC-Cu composite increased with increase in WC
content. The highest value for hardness of
composite (Sample 4) was HV 221, which was 2.5
times that of pure copper. The high hardness of
WC—Cu composite can be attributed to the effect of
WC. However, the hardness decreased dramatically
when the WC concentration was 15 g/L in Bath 5
(Sample 5), which was due to the pores in the
sample. Also, the hardness of Sample 1 was lower
than that of pure copper because the sample was not
compact.

Figure 11 shows the electrical conductivity
results of the WC—Cu composite. As expected, the

electrical conductivity of WC was much lower
than that of copper, and the composite of the
two materials can inevitably provide additional
interfaces and increase electron scattering. The
electrical conductivity of Sample 1 was 41.2 MS/m,
which was significantly lower than that of Sample 2
and Sample 3. Although the content of WC in
Samples 1, 2 and 3 was the same in the
electroplating bath used in the preparation process,
the number of pores in Sample 1 was larger than
that in Sample 2, due to the different additives
used (Fig.5). These pores blocked the electron
transmission, resulting in the lower electric
conductivity. Sample 5 contained a large number of
pores. Thus, the electrical conductivity of Sample 5
was the lowest, 39.6 MS/m. It is noteworthy that
the conductivity of Samples 3 and 4 (55.6 and
53.7 MS/m, respectively) was not significantly
lower compared to that of pure copper. The large
deviation in the multiple conductivity measure-
ments of Sample 1 and Sample 5 was possibly
due to the uneven current conduction caused by the

250
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Fig. 10 Hardness of WC—Cu composites
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Fig. 11 Electrical conductivity of WC—Cu composites
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increase of holes and WC content in the composite,
which led to the increase in error of the
measurement results.

Compared to the properties of WC—Cu
composite prepared by traditional sintering methods,
the WC—Cu composite prepared by electroplating
exhibited higher hardness and better electrical
conductivity. This may be due to the compact
WC—Cu structure obtained by electroplating, which
is conducive to electron propagation and flow.

4 Conclusions

(1) In the WC—Cu composite prepared,
WC uniformly distributed in a copper matrix.
WC—-Cu composite was obtained with high
hardness (HV 221) and high electrical conductivity
(53.7 MS/m) when the electroplating bath consisted
of 10 g/ of WC nanoparticles, 0.2 g/L of PEG and
0.1 g/L of SDS.

(2) The excessive addition of WC nano-
particles was found to obstruct the electroplating
process, resulting in more holes and less compact
layers.

(3) TEM results confirmed the existence of
WC in the Cu matrix with tight binding of WC to
Cu atoms.

(4) By adjusting the content of additives and
WC nano powders, compact WC—Cu composite
with excellent properties can be prepared by
electroplating. This lays a good foundation for the
application of such electrical contact materials
widely used in automobiles, electronics, aerospace
and other fields.
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