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Abstract: Electroplating has been used to produce Cu−Bi coatings. The crystal structure and lattice parameters of Cu in Cu−Bi 
composite coating were measured and compared with Cu coating. The mechanical properties of the coatings were also studied. It was 
found that the deposition parameters have significant effect on the mechanical properties of the Cu−Bi coatings. The microhardness 
has been improved from HV50165 of Cu coating to HV50 250 of Cu−Bi composite coating prepared at 50 mA/cm2 for 20 min. 
Correspondingly, wear resistance of the Cu−Bi composite coating has also been enhanced significantly. 
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1 Introduction 
 

Cu and Cu alloys are widely used in electrical 
industry due to their good conductivity [1]. Cu-based 
coatings and thin films have also been used for 
conducting purpose. One of the important industrial 
applications of Cu and Cu coatings is for electric 
contacts, which require both high conductivity and good 
wear resistance. However, the mechanical properties of 
Cu coatings including hardness and wear resistance are 
not good enough [1,2]. A variety of methods were 
developed to improve the mechanical properties of Cu 
alloy or Cu alloy coatings. 

For instance, Ni coating on Cu showed that the 
average hardness of Ni coating was five times that of 
pure Cu [3]. Ni–Cu coating on Cu substrate obtained by 
pulsed laser deposition possessed significantly improved 
wear properties [4]. Cu−Cr−S coating by electro- 
depositing in acidic copper sulphate electrolytes 
containing a metallic powder of Cr displayed higher 
wear resistance compared with pure Cu coating [5]. The 
sol−gel based protective hybrid coatings were used to 
improve the hydrophobic properties and wear and 
corrosion resistance [6]. A combination of PVD and 
electroless Ni−P coatings was deposited on Cu alloy 
substrates to improve the wear resistance [7]. The 
nanocrystalline Cu−Ni films made by electrodeposition 

showed improved mechanical properties [8]. Report also 
indicated that the wear resistance of Cu−CeO2 
nanocomposite coatings synthesized by pulse electro- 
deposition is superior to that of pure Cu [9]. 

The above quoted solid solution is a traditional way 
to improve the mechanical properties of Cu and Cu 
coatings. However, this method relies on lattice 
distortion that decreases the electric conductivity 
significantly. It has been known that Cu and Bi do not 
dissolve with each other so do not form a solid solution 
[10,11]. Addition of Bi should form a mixture of two 
separate phases. It was hoped that the two-phase 
structure can provide good dispersion strengthening 
effect without causing the misfit of Cu lattice [12−14], 
therefore can keep its good electrical conductivity. 

Electroplating method was used to make the 
coatings because it is a common industrial process and 
can produce a finely mixed microstructure. This research 
aims at the development of electroplated Cu−Bi coatings 
with improved mechanical properties and good electric 
conductivity. This paper reports the deposition 
processing, coating microstructure and mechanical 
property of the Cu−Bi coating. 
 
2 Experimental 
 

Pure Cu sheets (purity>99.9%) were used as the 
substrate with dimensions of 10 mm×10 mm×3 mm. The  
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specimens were mechanically polished using SiC papers 
to a grit of 1200#, then degreased ultrasonically in 
acetone. The pre-treatment for Cu substrate includes 
washing in solution containing 20 g/L citric acid and 60 
g/L ammonium citrate, followed by anodizing at 2.5 
mA/cm2 for 20 s. A two-electrode system was set up for 
the deposition of Cu on Cu substrate in the electrolyte 
containing 110 g/L K4P2O7, 40 g/L CuSO4·5H2O and 10 
g/L Na2HPO4. 

The solution for Bi electroplating contained 0.2 
mol/L Bi(NO3)3·5H2O, 0.2 mol/L tartaric acid and 2.5 
mol/L KOH, using NaOH solution to adjust pH value to 
12. The electrolyte for Cu−Bi coating deposition was 
made by adding 1 mL of Bi electroplating solution into 
70 mL Cu electrolyte. It was found that the electroplating 
current density has a significant effect on the coating 
composition and properties. The present work used 3 
current densities, 10, 50 and 100 mA/cm2, to deposit Cu 
and Cu−Bi coatings. In order to obtain coatings with 
similar thickness for comparison, we used coating time 
of 30, 20 and 10 min for the deposition with current 
densities of 10, 50 and 100 mA/cm2, respectively. 

The morphology and Bi concentrations in the 
Cu−Bi coatings were measured by a field emission 
scanning electron microscope (FESEM) with EDS 
attachment. The phase structure of the coatings was 
determined using X-ray diffraction (XRD). The coating 
hardness was measured using a microhardness tester 
(Leco M400) with a Vickers diamond indenter. The 
applied load was 50 g with a holding time of 15 s. At 
least 5 measurements under the same conditions were 
conducted, and the average value was used as the 
microhardness (HV). The standard deviation was also 
calculated. The wear property of coatings was tested 
using a micro-tribometer, with a friction counterpart of a 
ruby ball of 6 mm in diameter. A load of 1 N and a 
sliding speed of 50 mm/s were used at room temperature 
with the relative humidity of ~50%; the total elapsed 
time was 60−100 min. The electrical resistivity of the 
samples was measured by four-point probe method, then 
converted to the international standard unit (Ω·m). 
 
3 Results and discussion 
 
3.1 Cross-sectional morphologies of coating 

Figure 1 shows the cross-sectional morphologies of 
Cu and Cu−Bi composite coatings. In this research, 
different current density and deposition time were used 
in order to achieve a similar deposition thickness. Cu and 
Cu−Bi coatings which were deposited at 50 mA/cm2 for 
20 min had a similar thickness of ~13 µm (Fig. 1(a2) and 
(b2)). Both had the compact morphology. However, at 
the higher current density, the Cu−Bi had a porous 
microstructure (Fig. 1(b3)). 

Figure 2 shows the EDS analysis of Cu and Cu−Bi 
coatings prepared at 50 mA/cm2 for 20 min. Bi was 
detected and its content is shown in Fig. 3. The content 
of Bi peaked at ~3.1% at the current density of 50 
mA/cm2. A lower content of ~2.1% Bi was obtained at a 
higher current density of 100 mA/cm2. This might be due 
to the shorter time for Bi to deposit on substrate at the 
higher current density. The content of Bi depends on 
both current density and deposition time. Further studies 
are needed to investigate this effect. 
 
3.2 Phase structures 

Figure 4 shows the XRD patterns of Cu and Cu−Bi 
coatings prepared at 10, 50 and 100 mA/cm2. The main 
compositions of the coatings include Cu and Bi. We 
cannot detect Bi possibly due to its low content. Figure 5 
shows the grain size of copper which was calculated 
according to the Scherrer equation [15]. The grain sizes 
of Cu in Cu−Bi composite coatings are smaller than 
those in Cu coatings. The grain size in the Cu composite 
coatings deposited at 10, 50, 100 mA/m2 were (37±3), 
(55±3), and (54±2) nm, compared to (33±2), (19±2), and 
(24±3) nm in Cu−Bi coating, respectively. The smaller 
grain size means smaller space between dendritic crystals, 
which results in higher yield strength and hardness [16]. 
 
3.3 Mechanical properties 

Figure 6 shows that the microhardness of Cu 
coating increased with increasing the current density. 
This result is contrast with the grain size value shown in 
Fig. 5. Generally, smaller grain sizes have higher 
microhardness according to the Hall−Petch relationship. 
However, porosity may play an important role in this 
case. With increasing the current density, the porosity of 
Cu coating decreased, hence increasing the 
microhardness. 

On the other hand, incorporation of Bi into Cu 
coating may have a significant influence on the 
microhardness and wear resistance. The microhardness 
values of the Cu−Bi composite coating prepared at 10, 
50, 100 mA/cm2 reached (160±6), (250±8), and (225±6) 
HV50 (Fig. 6), compared to (135±5), (165±9), and 
(200±10) HV50 for Cu coating, respectively. The best 
improvement of ~52% was obtained with the current 
density of 50 mA/cm2. The enhancement of the 
microhardness should be due to both Bi dispersion 
strengthening effects and grain size refinement. At the 
high current density (100 mA/cm2), however, the 
microhardness value was reduced. This might be caused 
by the porous microstructure as shown in Fig. 1(b3). 
Furthermore, at higher current density (100 mA/cm2), the 
quantity of Bi deposition into Cu was reduced. This 
might be one of the reasons for the decreasing hardness 
value. 
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Fig. 1 SEM Cross-sectional morphologies of Cu and Cu−Bi coatings prepared at 10 mA/cm2 for 30 min (a1, b1), 50 mA/cm2 for 20 
min (a2, b2), 100 mA/cm2 for 10 min (a3, b3): (a1, a2, a3) Cu coatings; (b1, b2, b3) Cu−Bi coatings 
 

 

Fig. 2 EDS patterns of Cu coating (a) and Cu−Bi coating (b) 
prepared at 50 mA/cm2 for 20 min 

 
Fig. 3 Content of Bi in Cu−Bi coatings prepared at different 
current densities 
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Fig. 4 XRD patterns of Cu (a, c, e) and Cu−Bi (b, d, f) coatings 
prepared at 10 mA/cm2 for 30 min (a, b), 50 mA/cm2 for 20 
min (c, d), and 100 mA/cm2 for 10 min (e, f), respectively 
 

 
Fig. 5 Grain size in Cu and Cu−Bi coatings prepared at 10, 50 
and 100 mA/cm2 for 30, 20 and 10 min, respectively 
 

 

Fig. 6 Microhardness of Cu and Cu−Bi coatings prepared at 10, 
50 and 100 mA/cm2 for 30, 20 and 10 min, respectively 
 

Figure 7 shows the wear tracks of Cu and Cu−Bi 
composite coatings. The widths of wear tracks of Cu and 
Cu−Bi composite coatings prepared at 50 mA/cm2 for 20 
min are ~150 µm and 100 µm, respectively. Many 

plough lines were observed on the surface of the Cu 
coating. In contrast, the wear tracks on the Cu−Bi 
composite coating were narrower and the plough lines 
were shallower, indicating that the Cu−Bi composite 
coating has improved wear resistance. 
 

 
 
Fig. 7 Wear tracks on coatings: (a) Cu coating; (b) Cu−Bi 
coating (Both coatings were prepared at 50 mA/cm2 for 20 
min) 
 

Figure 8 shows the coefficients of friction (COF) of 
Cu and Cu−Bi coating prepared at 50 mA/cm2 for 20 min. 
The COF of Cu coating started at ~0.45 and kept 
constant over time, while the COF of Cu−Bi coating 
started at ~0.25, and gradually developed to the level of 
~0.40. COF is related to the roughness of the coating 
surface, and is also affected by the lubrication of the 
second phase. The low starting COF level of Cu−Bi 
coating may come from the relatively smooth surface of 
the Cu−Bi coatings. The higher COF value after few 
minutes sliding might be due to the formation of abrasive 
debris in the initial sliding. 
 
3.4 Electrical resistivity 

The electrical resistivities of Cu and Cu−Bi alloy 
samples are (2.31±0.06×10−8) Ω·m. Addition of Bi into 
the bath solutions did not bring any measurable effect on 
electrical resistivity. This is because Cu and Bi are 
insoluble metals. They do not form solid solution alloy 
so do not cause lattice distortion. The resistivity of 
two-phase structure is proportional to the volume 
percentage of the two phases [17,18]. In this research, 
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the maximum content of Bi deposited in the Cu−Bi 
coating is just 3.1%. The volume fraction is even smaller. 
The Bi phase therefore does not affect the resistivity of 
Cu significantly. 
 

 
Fig. 8 Coefficient of friction of Cu coating (a) and Cu−Bi 
coating (b) prepared at 50 mA/cm2 for 20 min 
 
4 Conclusions 
 

1) Two non-solvable elements can make a metallic 
composite by electroplating method: a small amount of 
Bi has been added into Cu coatings to form a two-metal 
mixture. 

2) The mechanical properties of the composite  
were improved significantly as the microhardness    
was improved from ~HV50 165 to ~HV50 250. 
Correspondingly, the wear resistance of the Cu−Bi 
composite coating has also been enhanced. XRD analysis 
indicates that the Bi addition does not cause lattice 
distortion of the Cu matrix; the electrical conductivity 
therefore has no measurable change. This Cu−Bi 
composite coating may extend the service life of Cu 
coatings when used as electric contacts. 
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摘  要：采用电镀方法制备铜−铋复合涂层。由于铋在铜中的溶解度极低，因此涂层具有两相混合结构。研究铜

在铜−铋复合涂层中的晶体结构和晶格参数，测试涂层的力学性能，并与铜涂层进行了比较。结果表明，电镀参

数对涂层的力学性能影响较大。在电流密度为 50 mA/cm2，电镀时间为 20 min 时，铜涂层的硬度为 HV50 165，而

铜−铋复合涂层的硬度提高到 HV50 250；铜−铋复合涂层的耐磨性也相应提高。 

关键词：铜−铋涂层；复合镀层；硬度；摩擦因数；电镀 
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