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Abstract: The properties and structure of electrodeposited RE (CeO2)-Ni-W-P-SiC composite coating were investigated. The results 
show that the hardness and electrodepositing speed of composite coatings obtained at an impulse current are higher than those at a 
direct current. The hardness and wear resistance of the coating are obviously increased by adding RE and SiC. The hardness of the 
coating increases with the increase of treatment temperature and current density, and reaches the optimum value at 400  and at 10 ℃

A/dm2, respectively. The optimum operation parameters of electrodeposition of the composite coating are as follows: pH value is 4.5, 
bath temperature is 65 , ℃ and current density is 10 A/dm2. 
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1 Introduction 
 

Composite electrodeposition is a new surface- 
strengthening process, by which some inorganic or 
organic particles can be co-deposited with metal or alloy 
to form composite coatings. The obtained coatings have 
many special properties, such as wear resistance, high 
temperature oxidation resistance, corrosion resistance 
and electrical contact function[1−5]. Several materials 
with different properties can be combined to form new 
type of composite materials to meet various requirements. 
Therefore, composite electrodeposition plays an 
important role in the research and development of 
abrasion-resistant composite materials[6−10]. 

The existing electrodeposited composite coatings 
are mostly based on nickel or copper, e.g. Ni-SiC and 
Cu-SiC coatings[11]. The wear resistances of these 
coatings are higher than those of pure nickel or copper, 
but their corrosion resistances are relatively poor. Other 
kinds of composite coatings have been obtained by 
electrodeposition, e.g. Ni-P-SiC and Ni-B-SiC coatings 
[12−13]. The hardness of these coatings can be enhanced 
to HV 1 100−1 200. Their wear resistance can also be 
improved by appropriate heat treatment. But, the 

thickness of coating is usually only 50−70 μm and their 
wear resistances are poor[14]. In order to solve the above 
questions, a few RE have been added into coatings 
[15−17]. The hardness and wear resistance of the 
composite coatings have been increased obviously. The 
addition of SiC can increase the wear resistance of 
coatings evidently[18−19]. Some research results show 
that the hardness, wear resistance and high temperature 
oxidation resistance of coatings can be increased by 
using impulse current[20−22]. In our experiments, both 
the impulse and direct current were used to prepare 
RE-Ni-W-P-SiC composite coatings with higher 
hardness and better wear resistance on carbon steel. 

 
2 Experimental 
 
2.1 Process condition 

The compositions of bath and electroplating 
conditions are listed in Table 1. 

The specimens were 45# carbon steel with 
dimension of 30 mm×30 mm×2 mm. 
 
2.2 Measurements 

HAX-1 micro-hardness tester was used to measure 
the hardness of the composite coatings and the load was 
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Table 1 Compositions of bath and electroplating conditions 

Item Condition 

ρ(NiSO4·6H2O)/(g·L−1) 65−85 

ρ(Na2WO4·2H2O)/(g·L−1) 70−100 

ρ(NaH2PO2·H2O)/(g·L−1) 10−20 

ρ(SiC)/(g·L−1) 60−80 

ρ(complexing agent)/(g·L−1) 110−130 

φ(additive agent) /(mL·L−1) 20−30 

ρ(CeO2) /(g·L−1) 9−11 

Average current density/(A·dm−2) 4−12 

pH 4.5−6.0 

Bath temperature/℃ 50−65 

Stir pattern Air 

 
0.98 N. The wear resistance test was carried out on an 
M-2000 abrasion device under a load of 300 N and at a 
rotating speed of 400 r/min for 2.5 h. The heat treatment 
of the coatings was performed on a CHOY type muffle 
furnace and the temperature was controlled by 
KSY-12-16S type instrument. XRD patterns were 
obtained on a Rigaku XRD-6000 instrument (Shimadzu, 
Japan) with Cu Kα source, step size of 0.02˚ and scan rate 
of 5 (˚)/min. 

The deposition speed was obtained by the following 
quation: e

 
v=m/St 
 
where  v is the deposition speed, g/(m2·h); S is the area 
of the sample, m2; m is the mass rise of the sample, g; t is 
the electrodepositing time, h. 
 
3 Results and discussion 
 
3.1 Effects of impulse current on surface morphology 

and hardness of coating 
The relationships between the hardness and impulse 

current, the hardness and duty ratio are shown in Tables 
2 and 3, respectively. 

When the current density is 10 A/dm2, the duty ratio 
is 13׃ and 15׃ and the frequency is in a range of 300−800 
Hz, the dense and hard coating is prepared and the 
particles of crystal in the coating are small and smooth. A 
edge effect appears while the frequency is over 800 Hz. 
The edge effect becomes serious with the rise of 
frequency, especially, the branch crystal appears at the 
corner. It can be seen that the micro-hardness of 
composite coating changes with impulse parameters. If 
the frequency is too high or too low, the duty ratio is too 
small or too big, the micro-hardness of composite 
coating will decrease. When the frequency is 800 Hz and 

the duty ratio is 15׃, the best coating can be obtained. 
 

3.2 Effect of electrodeposition condition on structure 
of composite coating 
The effects of electrodeposition conditions on the 

surface morphology of RE-Ni-W-P-SiC composite 
coatings are shown in Fig.1. It can be seen that the 
influence of the electrodeposition conditions on the 
surface morphology of RE-Ni-W-P-SiC composite 
coatings are evident. The crystals in composite coating 
become coarse and large at direct current density. On the  

 
Table 2 Effects of impulse frequency on surface morphology 
and hardness of RE-Ni-W-P-SiC coating (duty ratio 15׃) 
Frequency/

Hz Surface morphology Hardness 
(HV) 

100 Crystal are big and coarse 487.5 
300 Crystal are small and smooth 523.0 
500 Crystal are small and smooth  609.0 
800 Crystal are small and smooth 737.5 

1 000 Crystal are big and smooth 510.0 

 
Table 3 Effects of duty ratio on surface morphology and 
hardness of RE-Ni-W-P-SiC coating (frequency 800 Hz) 
Duty ratio Surface morphology Hardness(HV)

 Crystal are big and coarse 586.5 2׃1
 Crystal are small and smooth 637.0 3׃1
 Crystal are small and smooth 692.5 5׃1

1 Crystal are big and coarse 613.0 10׃ 
 

 
Fig.1 Surface morphology of composite coatings obtained by 
direct current (a) and impulse current (b) 
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contrary, the crystals are fine and small by impulse 
current density under the same conditions. On the cross 
section of RE-Ni-W-P-SiC composite coatings (see 
Fig.2), it can be seen that the composite coating contains 
SiC particles. But, the distribution of SiC particles in the 
coating is not uniform. We can see from Fig.2 that the 
particles obtained by impulse current are more uniform 
than by direct current. This different is mainly due to the 
current. 
 

 
Fig.2 Cross section of composite coatings obtained by direct 
current (a) and impulse current (b) 
 

Fig.3 shows the XRD patterns of RE-Ni-W-P-SiC 
composite coatings obtained by direct current and 
impulse current. Clearly, there is a “bread” peak in the 
diffraction pattern of deposited RE-Ni-W-P-SiC 
composite coating, which indicates the deposited coating 
is amorphous. Besides, there are some sharp peaks of 
diffraction in the pattern. These peaks can be indexed as 
the diffraction peaks of SiC and CeO2 particles. The peak 
intensity of the coating obtained by impulse current is 
higher than by direct current. The result indicates there is 
difference of the preferred crystalline orientation 
between the two coatings. 

 
3.3 Effects of current density on hardness and wear 

resistance 
Fig.4 shows the effects of current density on 

hardness and wear-resistant of the coating. The hardness 
of the coating increases with the increase of current 
density and reaches the peak value at 10 A/dm2. On the 

 

 

Fig.3 X-ray diffraction patterns of RE-Ni-W-P-SiC composite 
coatings obtained by direct current (a) and impulse current (b) 
 

 
Fig.4 Effects of current density on hardness (a) and wear- 
resistant (b) of coating 
 
contrary, the hardness of the coatings decreases quickly 
with the increasing of current density continuously. The 
reason is the structure of coating becomes incompact 
when the coating is formed at a low current density. The 
hardness of coating increases because the structure is 
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denser with the increasing of current density. The 
hardness of coating decreases with the increasing of 
current density and the coating becomes coarse. Under 
the same electrodeposition conditions, the hardness of 
coating obtained by impulse current is higher than by 
direct current. The coating obtained by impulse current is 
denser than by direct current. 

The wear resistance of the coating increases with 
the increase of current density. When the current density 
is 10 A/dm2, the wear resistance reaches the optimum. 
And then, the wear resistance decreases rapidly. The 
coating becomes coarse with the rise of current density. 
At the same time, the hardness reaches the peak value at 
10 A/dm2 and the coating is denser. The wear resistance 
also reaches the peak value at 10 A/dm2. The wear 
resistance of coating obtained by impulse current is 
better than by direct current. 
 
3.4 Effects of heat treatment temperature on hardness 

of coating 
Effects of heat treatment temperature on hardness of 

the RE-Ni-W-P-SiC composite coating are shown in 
Fig.5. Obviously, the hardness of the coating increases 
gradually with the increase of temperature and reaches 
the peak value at 400 . ℃ On the contrary, the hardness 
of the coating decreases quickly with the increase of 
temperature continuously. The hardness increases to    
HV 1 500 and HV 1 400 at 400  for the coatings ℃

obtained by impulse current and by direct current, 
respectively. Therefore, the hardness of composite 
coating obtained by impulse current is higher than by 
direct current. The reason is when the coating is heated, 
the coating structure changes. The coating becomes 
oversaturated with respect to nickel solid solution and 
the distortion in the crystal lattice gets serious, so that the 
hardness of coating increases. Since a large number of 
Ni3P particles appear and precipitation hardening 
occurs[16], the hardness reaches peak value at 400 . ℃

With the rising of the heat treatment temperature, 
crystalline particles of nickel solid solution grow, Ni3P  

 

 
Fig.5 Effects of heat treatment temperature on hardness of 
coating 
 
particles aggregate and coarsen, and the composite 
coating softens. It can be seen that the addition of RE 
increases the hardness of coating, because RE can 
facilitate the codeposition of SiC particles and Ni-W-P 
alloy and elevate the content of SiC particles in the 
coating. As shown in Table 4, RE and SiC particles are 
deposited on the surface of carbon steel more easily by 
impulse current than by direct current. Under the same 
conditions, the hardness of composite coating obtained 
by impulse current is higher than by direct current. The 
addition of RE and SiC enhances the hardness and wear 
resistance of the coating remarkably. 
 
3.5 Depositing speed 

Orthogonal experiments of three factors and three 
levels were carried on to study the influence of pH value, 
bath temperature and current density on electrodeposited 
speed. The results (Table 4) show that the 
electrodeposited speed of the coating increases with the 
increase of current density. The influences of pH and 
bath temperature of electrolyte on electrodeposited speed 
are also obvious. From Table 4, it can be seen that the 
electrodepositing speed of the coating under impulse  

 
Table 4 Comparison of electrodepositing speed of coating by impulse current and by direct current 

Electrodepositing speed/(g·m−2·h−1) 
Sample No. pH value Temperature/℃ Current density/(A·dm−2) 

Impulse  Direct 
1 
2 
3 
4 
5 
6 
7 
8 
9 

4.5 
4.5 
4.5 
5.0 
5.0 
5.0 
5.5 
5.5 
5.5 

55 
60 
65 
55 
60 
65 
55 
60 
65 

6 
8 
10 
8 
10 
6 
10 
6 
8 

634 
730 
767 
710 
680 
449 
693 
493 
620 

 
 
 
 
 
 
 
 
 

342 
373 
381 
332 
367 
310 
380 
300 
315  
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current is twice as much as that under direct current. The 
optimum operation parameters of electrodeposition of 
the composite coating are as follows: pH value is 4.5, 
bath temperature is 65 , ℃ and impulse current density is 
10 A/dm2. 
 
4 Conclusions 
 

1) The hardness of the coating increases with the 
increase of current density, and reaches the peak value at 
10 A/dm2.  

2) With the increase of heat treatment temperature, 
the hardness of composite coating increases and reaches 
its maximum at 400 .℃  On the contrary, the hardness of 
the coatings decreases quickly with the increase of 
temperature continuously.  

3) The electrodepositing speed of the coating 
obtained by impulse current is twice as much as that by 
direct current.  

4) The surface morphology, cross section and 
hardness of coating obtained by impulse current are 
better than by direct current.  

5) The optimum operation parameters of 
electrodeposition for the composite coating are as 
follows: pH value is 4.5, temperature is 65 ,℃  impulse 
current density is 10 A/dm2. 
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