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Abstract: Ni-CNT (carbon nanotube) composite coatings were processed by electrodeposition and their hardness and corrosion 
characteristics were investigated with variations of CNT concentration in an electrolyte solution and electrodeposition current density. 
With increasing the CNT concentration in the electrodeposition bath and the current density, more CNTs are incorporated into Ni 
matrix. Hardness values of the Ni-CNT coatings are irrelevant to the CNT concentration in the solution, the current density, and 
current mode, implying poor adhesion of CNTs to Ni matrix. With increasing the CNT content in the coating, the corrosion resistance 
of the Ni-CNT composite coating becomes inferior due to the porous microstructure. 
Key words: composite coating; carbon nanotube; electrodeposition 
                                                                                                             
 
 
1 Introduction 
 

Electrodeposition of composite coatings has been 
widely investigated for better wear resistance and 
dispersion strengthening[1−3]. Among various process 
technologies for composite coatings, electrodeposition 
has advantages such as cost-effectiveness relative to 
spray and sputtering processes[4]. Conventionally, 
ceramic powders such as alumina, silicon carbide, and 
diamond were used as reinforcements for Ni-based 
nanocomposite coatings[1, 3, 5−8]. 

Recently, carbon nanotube (CNT) has been applied 
as a new reinforcement material for composite coatings 
due to its excellent mechanical properties and high 
thermal conductivity[4, 9−11]. As Ni exhibits high wear 
resistance, good ductility, and ferromagnetism, Ni-CNT 
composite coatings have potential applications not only 
for wear-resistance coatings and microelectromechanical 
systems (MEMS), but also for corrosion-resistance 
coatings[4, 9−11]. 

Characteristics of Ni-CNT composite coating 
depend on the CNT content in the composite coatings, 
which is in turn related to the electrodeposition current 
density as well as the CNT concentration in electrolyte 
solution. In this study, Ni-CNT composite coatings were 
processed by electrodeposition, and their hardness and 
corrosion characteristics were investigated with 
variations of the CNT concentration in an electrolyte 

solution and the electrodeposition current density. 
 
2 Experimental 
 

Ni-CNT composite coatings were electrodeposited 
in a sulfate Watts bath with the following compositions: 
260 g/L nickel sulfate (NiSO4·6H2O), 45 g/L nickel 
chloride (NiCl2·6H2O), 15 g/L boric acid (H3BO3), and 
0.5 g/L saccharine. To improve CNT dispersion, 2.5 g/L 
sodium dodecylsulfate (SDS) and 7.5 g/L chexadecyl- 
phosphocholine (HPC) were added into the 
electrodeposition solutions[12]. CNTs of 10−15 nm in 
diameter, produced by CVD, were used to form the 
Ni-CNT electrodeposition solutions. As the length of the 
as-received CNTs, about 20 μm, was too long for 
coelectrodeposition, CNTs were cut to a length less than 
5 μm by ball-milling with ZrO2 balls for 24 h at 200 
r/min. The mass ratio of CNT to ZrO2 was kept as 1:25 in 
an alumina jar. 

After producing the Ni-CNT electrodeposition 
solutions with CNT contents of 0, 1, 2, 5, 10 g/L, 
Ni-CNT composites of 50 μm in thickness were 
electrodeposited on Cu substrates of 2 cm×2 cm in 
dimensions at a current density of 40−120 mA/cm2. 
During electrodeposition of a Ni-CNT composite, the 
bath was maintained at 40 °C with mechanical stirring of 
500 r/min. 

Vickers hardness values of the Ni-CNT composite 
coatings were measured with an applied force of 1 N. 
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Corrosion characteristics of the Ni-CNT composite 
coatings were evaluated in 3.5% NaCl (mass fraction) 
solution. A Ni-CNT composite coating of 1 cm2 surface 
area was exposed to 3.5% NaCl solution and its 
polarization curve was recorded at potentials ranging 
from −0.25 V to 1.0 V at a sweep rate of 5 mV/s. 
Morphologies of the Ni-CNT composites were observed 
by using field emission scanning electron microscopy 
(FESEM). 
 
3 Results and discussion 
 

Fig.1 shows the FESEM micrographs of the 
Ni-CNT composites electrodeposited in the electro- 
deposition solutions with the CNT concentrations of 
0−10 g/L at a current density of 40 mA/cm2. The 
Ni-CNT composites were etched in nitric acid to remove 
the Ni of the composite surface to facilitate the 
observation of the CNTs incorporated in the composites. 
With increasing the CNT concentration in the electro- 
deposition bath up to 5 g/L, more CNTs were 
incorporated into Ni matrix. However, microstructure of 
the Ni-CNT composite became porous with increasing 
the CNT concentration in the bath beyond 2 g/L. 

Fig.2 illustrates the FESEM micrographs of the 
Ni-CNT composites electrodeposited at current densities 
of 40−120 mA/cm2 in the electrodeposition solution with 
the CNT concentration of 10 g/L. With increasing the 
current density, the CNT concentration in the coating 

substantially increased due to the fact that the force 
pulling Ni+2 ions adsorbed on the CNT surface to the 
cathode became larger at higher current density[13−15]. 

Vickers hardness values of the Ni-CNT coatings 
electrodeposited in the solutions with the CNT 
concentrations of 0−10 g/L are illustrated in Fig.3 as a 
function of the electrodeposition current density. The 
hardness value of the Ni-CNT composite coating was not 
changed much not only with increasing the current 
density, but also with increasing the CNT concentration 
in the electrodeposition solution. 

The Ni-CNT composite coatings were 
electrodeposited with a pulse current mode shown in 
Fig.4, and their hardness values were compared in Fig.5 
with those prepared at DC current density of 80 mA/cm2. 
TAN et al[16] reported that the Ni-CNT coating processed 
with a pulse current had higher hardness than that 
prepared with a DC current. However, the results in Fig.5 
exhibited no noticeable change in the hardness values of 
the Ni-CNT composite coatings electrodeposited with the 
pulse plating, compared with those processed by DC 
electroplating. As shown in Figs.3 and 5, hardness values 
of the Ni-CNT composite coatings were irrelevant to 
variations of the CNT concentration in the solution, the 
electrodeposition current density, and the current mode, 
implying poor adhesion of CNTs to Ni matrix in the 
composite coatings. It has been also reported that the 
weak CNT-matrix interaction caused the epoxy-CNT 
composites weaker or barely stronger than the epoxy  

 

 
Fig.1 FESEM micrographs of Ni-CNT nanocomposites electrodeposited in solution containing CNT concentration of 1 g/L (a), 2 g/L 
(b), 5 g/L (c) and 10 g/L (d) 
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Fig.2 FESEM micrographs of Ni-CNT nanocomposites electro- 
deposited at current density of 40 mA/cm2 (a), 80 mA/cm2 (b) 
and 120 mA/cm2 (c) 
 

 
 
Fig.3 Vickers hardness of Ni-CNT coating as function of 
electrodeposition current density with different CNT 
concentrations 

 

 
Fig.4 Pulse current mode used for electrodeposition of Ni-CNT 
composite coating 
 

 
Fig.5 Vickers hardness of Ni-CNT coatings electrodeposited by 
pulse current mode and DC current mode of 80 mA/cm2, as 
function of CNT concentration 
 
itself[17−18]. Poor adhesion of CNTs to Ni matrix might 
be caused by insufficient surface treatment of CNTs[19]. 

Fig.6 shows the polarization curves and the 
corrosion potentials of the Ni-CNT composite coatings. 
With increasing the CNT content in the coating, the 
corrosion potential moved towards more negative values, 
indicating inferior corrosion resistance of the Ni-CNT 
composite coating with higher CNT content. 

To understand the cause for deterioration of the 
corrosion resistance, corrosion tests were performed for 
the Ni-CNT coatings electrodeposited at different current 
densities in the solution containing CNTs of 5 g/L. 

As shown in Fig.7, the corrosion potential became 
more negative with increasing the current density, 
showing that the Ni-CNT composite electrodeposited at 
higher current density became less corrosion-resistant. 
Contrary to our results, it has been reported for Ni-CNT 
and Zn-CNT coatings that the corrosion resistance was 
improved with incorporation of CNTs into the coating by 
filling surface defects such as micro holes and crevices 
with CNTs[19−20]. The Zn coating has been also 
reported to become less porous with incorporation of 
CNTs[19]. As shown in Figs.1 and 2, however, 
microstructure of the Ni-CNT coatings became porous 
with increasing the CNT concentration in the solution or 
the electrodeposition current density. The porous 
microstructure of the Ni-CNT coatings in this study 
might be caused by poor adhesion of CNTs to Ni matrix. 
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Fig.6 Polarization curves (a) and corrosion potentials (b) of Ni-CNT composite coatings electrodeposited in solutions with different 
CNT concentrations 
 

 
Fig.7 Polarization curves (a) and corrosion potentials (b) of Ni-CNT composite coatings electrodeposited at various current densities 
 
The more the porous in microstructure was, the more the 
surface area was exposed to the corroding medium, 
deteriorating the corrosion characteristics. The adhesion 
enhancement of CNTs to Ni matrix thus would play an 
important role for improvement of mechanical and 
corrosion characteristics of the Ni-CNT composite 
coating. 
 
4 Conclusions 
 

1) With increasing the CNT concentration in the 
electrodeposition bath up to 5 g/L, more CNTs are 
incorporated into Ni matrix. The CNT concentration in 
the composite coating substantially increases with 
increasing the current density from 40 mA/cm2 to 120 
mA/cm2. 

2) The hardness values of the Ni-CNT coatings are 
irrelevant to the CNT concentration in the 
electrodeposition solution, the electrodeposition current 
density, and current mode, implying poor adhesion of 
CNTs to Ni matrix. 

3) With increasing the CNT content in the coating, 

the corrosion potential moves towards more negative 
values, indicating inferior corrosion resistance of the 
Ni-CNT composite coating with higher CNT content. As 
the Ni-CNT composite coating becomes more porous 
with increasing the CNT content, more surface area is 
exposed to the corroding medium, deteriorating the 
corrosion resistance of the Ni-CNT coating. 
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