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Ni-CeO2 nano-composite coatings were prepared by electroplating on mild steel from bright nickel 

solution with dispersed CeO2 nanoparticles. A systematic study of Ni-CeO2 coatings with different 

powder concentrations (CeO2 concentration = 0-20 g/L) has been conducted. The microstructure of 

coatings was analyzed using XRD, optical microscope and SEM. The mechanical property including 

microhardness and wear resistance were measured. It was found that incorporation of CeO2 particles 

can decrease the grain size and improves the mechanical properties of Ni coatings. The optimum 

concentration of CeO2 powder for the property improvement is 10 g/L. The micro hardness of the 

coating can reach ~560 HV100 compared to 421 HV100 of Ni coating. The effect of CeO2 nanoparticles 

on the microstructure and mechanical property of coatings was discussed. 
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1. INTRODUCTION 

Metal composite coatings have been developed for enhancing the surface properties of material 

such as wear, corrosion and high temperature oxidation resistance in order to decrease the degradation 

of working parts [1-4]. Ni has widely been used on the surfaces of metal substrates in order to improve 

their corrosion and wear resistance. Many contributions have been devoted to improve the properties 

of electrodeposited Ni or Ni alloys, including co-depositing second-phase particles to form 
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nanocomposite coatings, modifying deposition parameters and using pulse electroplating. Co-

deposition of ceramic nanoparticles with metal and alloy phases to form nanocomposites can bring a 

significant improvement on physical and chemical properties of the coatings [5-9]. To obtain better 

properties of Ni based nanocomposite coatings, different hard second-phase nanoparticles such as 

Al2O3, SiC, ZrO2  and TiO2 were mixed into the plating solution; and much effort were contributed to 

optimize the plating process parameters. [10-13].  

CeO2 is an oxide of the rare earth metal cerium which has many superior properties. It has been 

proven that electrodeposited CeO2 into metal coatings can significantly improve the wear resistance of 

the composite coatings. Y.J. Xue et al studied the tribological performance of Ni–CeO2 composite 

coatings. Cârâc et al investigated the relationship between microstructure and microhardness of Ni-

CeO2 and Co-CeO2 composite coatings. However, few investigations have been done on the 

relationship of CeO2 content, microstructure and mechanical properties. [14-19]. 

In the present work, the nanocomposite Ni-CeO2 coatings was produced onto mild steel by 

electroplating. The microstructure and mechanical properties of nanocomposite Ni-CeO2 coatings was 

studied in comparison of pure Ni coating. 

 

 

 

2. EXPERIMENTAL DETAILS 

Both Ni and Ni-CeO2 composite coatings were electroplated onto the mild steel substrate 

(20×30×3 mm
3
). The steel substrates were mechanically polished using SiC paper to a grit of #1200, 

then degreased ultrasonically in ethanol. Before electroplating, the specimens were pre-treated in 1 

mol/L HCl solution for 2 min at room temperature. 

Electrodeposition was carried out using a power resource (MicroStar, DuPR10-1-3). The 

plating system consists of a mild steel sample as the cathode and a Ni plate as the anode. The plating 

bath was composed of 250 g L
-1

 NiSO4-6H2O, 40 g L
-1

 NiCl2-6H2O, 35 g L
-1 

H3BO3, certain amount of 

brightener additives, and CeO2 nano-particles from 0 to 20 g L
-1

. The pH value of bath solution was 

adjusted at 3.5 by using ammonia solution. All plating processes were conducted under a current 

density of 20 mA cm
-2

, stirring rate of 500 rpm and bath temperature of 55
o
C for 30 min. During the 

experiment, 7 different concentrations of CeO2 powders from 0 to 20 g/L were chosen in order to 

achieve the best properties. CeO2 nano-particles with a mean diameter of 50 nm were dispersed in the 

electrolyte. For convenient description, Ni- x g/L CeO2 (x = 0, 5, 10, 15, 20) was used to represent the 

coatings with different concentration of CeO2 powder addition.  

Vickers microhardness of coating surface was measured using a load of 100 g with a holding 

time of 15 s. The average of 5 measurements was used as the hardness. Wear property of coatings was 

tested using a micro-tribometer (Nanovea, USA) in air at room temperature, relative humidity of ~50% 

under and dry, non-lubricated conditions. All wear tests were performed under a load of 3 N, a sliding 

speed of 2 m/min and a contact radius of 6 mm for a total sliding distance of 20 m. The wear weight 

loss was measured by using an electrical balance with 1 μg weighing accuracy. The wear track images 

of the coatings were observed by high-revolution optical microscope. 
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The coating surface morphologies were analyzed using optical microscopy. The shape and 

composition of coating cross-section were analyzed using a field emission scanning electron 

microscope (FESEM) with an energy dispersive spectroscopy (EDS) system. The phase structure of 

the coatings was characterized by X-ray diffraction (XRD) with Cu Kα radiation (V = 30 kV, I = 15 

mA). Diffraction patterns were recorded in the 2θ range from 20 to 80° at a scanning rate of 1° min
−1

.  

 

 

 

3. RESULTS AND DISCUSSION 

3.1 Surface and cross-sectional morphologies of coatings 

Fig.1 shows the surface morphologies of Ni-x g/L CeO2 (x = 0,  5, 10, 15 and 20 g/L) coatings 

with different powder addition under the same electro-deposition conditions. The surface of pure Ni 

coating was found to be smooth and homogeneous, as shown in Fig.1 (a). Figs. 1(b), (c) and (d) 

present the surfaces morphologies of Ni–CeO2 coatings with different CeO2 contents. CeO2 

nanoparticles were incorporated uniformly into the Ni matrix. The increasing black points indicate that 

the CeO2 content in Ni substrate rises with increasing CeO2 concentration in the bath [20]. The size of 

largest black particle clouds in the Ni–CeO2 (20 g/L) coating was ~4 µm. These large black particle 

clouds could be due to the agglomeration of CeO2 nanoparticles. With increasing concentration of 

CeO2 nano powders in the bath, more obvious agglomeration sites can be seen in the composite 

coatings. It also can be seen that the surface roughness of coating was increased with increasing CeO2 

concentration in the bath. 

 

 

 

Figure 1. Surface morphologies of electroplating Ni composite coatings: a) Ni coating, b) Ni–CeO2 (5 

g/L), c) Ni–CeO2 (10 g/L), and d) Ni–TiO2 (20 g/L) coatings. 
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The cross-section microstructure of Ni-x g/L CeO2 coatings was studied by SEM backscatter 

electron image as shown in Fig.2. A gleaming boundary between the coatings and the steel substrate 

can be observed. No abruption or cracks exist at the interfaces of the coatings, evidence of a good 

adhesion between the steel substrate and coating. All coatings have a uniform thickness of ~12.8 μm.  

 

 

 

Figure 2. Cross-section SEM images of electroplating Ni coatings: a) Ni coating, b) Ni–CeO2 (5 g/L), 

c) Ni–CeO2 (10 g/L), and d) Ni–TiO2 (20 g/L) coatings. 

 

No obvious CeO2 nanoparticles were seen in the cross-section which probably due to their 

small size and relatively low content as shown in Figs. 2b and 2c. When the amount of CeO2 nano-

particles addition reaches 20 g/L, obvious CeO2 particles were seen in the cross-section image which 

due to the agglomeration of the CeO2 particles (Fig. 2d). Tiny CeO2 nanoparticles were aggregated into 

particle clouds with an average size of about 500 nm or larger and embedded in the Ni coating matrix 

as second phases during the electroplating process. As the CeO2 concentration in the bath increases, 

the corresponding particle clouds in the as-plated coating increases, this is consistent with the grain 

size analysis and the surface morphology as shown in Table 1 and Fig.1 [21, 22]. 

 

3.2 Microstructure of nanocomposite Ni-CeO2 coatings 

Fig.3 illustrates the XRD patterns of electroplated Ni coatings as a function of CeO2 powder 

addition. All patterns have a crystalline and face-centered cubic (fcc) lattice structure. The predominant 

planes of the coatings were Ni (111), Ni (200) and Ni (220). The peaks at 65.0
o 
can be assigned to Fe 
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from the mild steel substrate. No CeO2 peaks could be detected from the Ni–CeO2 coatings, probably 

due to the low quantity of CeO2 and high intensity of Ni diffraction peaks. 

The grain size of the composite coatings was calculated from the measured XRD spectra; and 

the results are shown in Table 1. The grain sizes vary with the addition of CeO2 in the plating bath. 

During the coating formation process, small CeO2 nanoparticles could provide a large number of 

nucleation centers and accelerate the deposition rate of coating. Meanwhile, large amount of small 

particles embedded in the coating hindered the grain growth. Hence the grain sizes were decreased 

[22]. As the CeO2 powder concentration in the plating bath increases, the grain size of coating 

gradually decreases from ~15.4 nm to ~12.3 nm. However, too many nanoparticles would cause 

agglomeration and emergence of particle clouds. The grain size increases to ~14.5 nm when the CeO2 

concentration of 20g/L. 

 

 
 

Figure 3. XRD patterns of electroplated nickel composite coatings 

 

Table 1. Grain size of nickel composite coatings electroplated under different conditions 

 

Composition and conditions           Grain size(nm) 

Ni coating 15.4±0.1 

Ni- CeO2 (5g/L) composite coating 13.2±0.1 

Ni- CeO2  (10g/L)composite coating 12.3±0.1 

Ni- CeO2  (15g/L)composite coating 12.9±0.1 

Ni- CeO2  (20g/L)composite coating 14.5±0.1 
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3.3 Microhardness of coatings 

The Vickers hardness values of the Ni-CeO2 composite coatings as a function of the CeO2 

powder concentration in the plating bath are shown in Fig.4. The microhardness of pure Ni coating is 

~421 HV. It was increased with increasing CeO2 content to ~560 Hv for the Ni-10 g/L CeO2 

nanocomposite coating. The improvement of microhardneess can be attributed to the combine effect of 

grain size refining and CeO2 nanoparticles dispersion strengthening. However, further increasing the 

amount of CeO2 concentration leads to more serious particle agglomeration and tends to cause a 

porosity structure. The microhardness of Ni-20 g/L CeO2 nanocomposite coating was decreased to 

~430 HV, slightly higher than that of pure Ni coating [23]. 

 

 
 

Figure 4. Microhardness of electroplating Ni composite coatings 

 

3.4 Wear property of coatings 

The friction coefficient of composite coatings with different CeO2 powder additions was shown 

in Fig.5. It can be seen that Ni coating possess the lowest friction coefficient ~ 0.12. With increasing 

CeO2 powder concentration, the friction coefficient of coatings first slightly increased, then decreased, 

and finally increased. The friction coefficients of Ni-x g/L CeO2 (x = 5, 10, 20 g/L) coatings were 

about 0.18, 0.15 and 0.24, respectively. The variation of friction coefficient could be attributed to both 

surface microhardness and roughness of coatings. For the Ni-CeO2 (5 g/L) coating, the increased 

friction coefficient mainly comes from to the increasing surface roughness which can be seen in Fig.1. 

The surface roughness was affected by the embedded hard CeO2 nanoparticles.  

The width of wear track is a direct measure of the wear volume loss, and related to both the 

hardness and frictional coefficient of coatings. The wear track images of composite coatings were 

shown in Fig.6. The wear track width of Ni coating, Ni-CeO2 (5 g/L), Ni-CeO2 (10 g/L), and Ni-CeO2 
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(20 g/L) coatings were ~201, ~192, ~112, and  ~165 μm, respectively. These widths first decrease and 

then increase with the increasing CeO2 powder concentration in the plating bath, following the same 

trend of the microhardness as shown in Fig.4, indicating that the hardness played the main role.  

 

 

 

Figure 5. Frictional coefficient curve of nickel composite coatings 

        

 
 

Figure 6. Wear track image of Ni composite coatings: (a) Ni coating, (b) Ni-CeO2 (5 g/L), (c) Ni-CeO2 

(10 g/L), and (d) Ni-CeO2 (20 g/L) coatings. 
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4. CONCLUSIONS 

Ni-CeO2 nanocomposite coatings were prepared by electroplating method. Their microstructure 

and mechanical properties including microhardness and wear resistance were studied. The 

microstructure and mechanical properties for the electroplated Ni-CeO2 nanocomposite coatings is 

strongly affected by the amount of CeO2 nanoparticles addition. The incorporation of CeO2 

nanoparticles decreases the grain size of coatings and leads to a dispersion strengthening effect. The 

mechanical properties of electroplated Ni-CeO2 coatings reach the optimum value when the CeO2 

concentration is 10 g/L. When the concentration of CeO2 in the plating bath is more than 10 g/L, 

deterioration of coating mechanical property occurred due to the porous structure and rough surface of 

coatings. Further investigations are being carried out in an effort to apply this technology in industrial 

applications. 
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