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Abstract Ni–Cr, Ni–SiC and novel Ni–SiC–Cr compos-

ite coatings were electrodeposited on pure copper samples

from a Watt’s nickel electroplating bath containing chro-

mium and silicon carbide nanoparticles with an average

particle size of 50 nm. The coatings composition, crystal-

line structure and surface morphology were studied by

X-ray diffractometry, energy-dispersive X-ray spectros-

copy and field emission scanning electron microscopy. The

results indicate that Ni–SiC–Cr hybrid composite films

with an acceptable homogeneity having 8.1 and 5.4 % vol.

SiC and Cr nanoparticles were developed successfully. The

incorporated SiC and Cr particles in Ni–SiC–Cr composite

layer effectively increased the microhardness and wear

resistance due to grain refining strengthening, changing the

columnar grain structure of nickel matrix to a granular

structure and crystalline preferred growth direction from

(100) to the close-packed (111).

Keywords Nickel � Composite coating � Nanoparticles �
Mechanical properties

Introduction

Co-electrodeposition of metal matrix composites (MMCs)

consisting of dispersed micron and submicron size particles

of oxides, carbides, borides, metals and some other organic

and inorganic materials is a flexible and low cost method of

composite coating. These novel composite films have

shown enhanced mechanical, tribological, anti-corrosion

and anti-oxidation properties compared to the pure metal

coatings.

Considering the enormous applications of conventional

nickel electroplating in industry, nickel-base composite

films have received considerable attention in order to

improve the rather poor mechanical properties of the nickel

layers. It has been shown that implantation of particles

such as Al, Cr, SiC, Al2O3, SiO2, TiO2 and Cr2O3 rein-

forces the electroplated nickel layer and improves the

mechanical properties such as microhardness and wear

resistance by forming a composite structure. These

toughened nickel composite coatings can be used as suit-

able protective films for industrial parts subjected to severe

thermal and mechanical working conditions, such as tur-

bine blades and slurry pump impellers (Gheorghihs et al.

2006; Feng et al. 2007; Zhang et al. 2008; Purwadaria

2008; Thiemig and Bund 2008; Jung and Natter 2009; Gül

et al. 2009; Xu et al. 2009).

Recently, the co-electrodeposition of chromium and

silicon carbide nanoparticles with metal nickel has been

studied by several researchers owing to their special

characteristics. The Ni–SiC nanocomposites exhibit an

interesting combination of hardness, wear resistance, duc-

tility and low hot-oxidation rate (Lim et al. 1997; Garcia

et al. 2001; Zhou et al. 2005; Zanella et al. 2009).

The electrodeposited Ni–Cr nanocomposite films have

an ability to form a continues protective compact Cr2O3
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thermally grown oxide (TGO) scale during oxidation and

shows a superior oxidation resistance along with improved

hardness and wear resistance. (Suryanarayana and Koch

2000; Jung and Natter 2009; Lin and Huang 2004; Zhang

et al. 2004; Pavlatou et al. 2006; Zhao et al. 2009; Zhou

et al. 2010).

In this research, a novel Ni–SiC–Cr hybrid nanocom-

posite film was prepared by electroplating technique to

achieve a combination of superior mechanical and chemi-

cal properties of the Ni–SiC and Ni–Cr mono-composites.

The crystalline structure, surface morphology and

mechanical properties of the hybrid Ni–SiC–Cr MMC film

were investigated and compared to the pure nickel film and

mono Ni–SiC and Ni–Cr composite coatings.

Experimental aspects

The Ni–SiC, Ni–Cr and Ni–SiC–Cr MMC composites and

pure nickel films were electroplated by applying a constant

current in a Watts plating solution. The nanosilicon carbide

and chromium powders of 99.8 % purity as supplied by the

manufacturer with a 50-nm mean size (Qinhuangdao

TaijiRing Nano-Products Company, China) were intro-

duced into the electrolyte without any further treatment.

The electroplating bath was warmed up to 45 �C and mixed

prior to the electroplating process by a magnetic stirrer at

600 rpm for 4 h and using an ultrasonic cell (JAC ultra-

sonic 2010) for 30 min. The chemical composition and

electroplating parameters are shown in Table 1. The pH of

the electrolyte was regulated at 4 ± 0.2 by adding 0.1 mol

HCl and 0.05 mol NaOH solutions based on the fluctuation

in pH. The electrolyte was mechanically stirred constantly

at 350 rpm using a magnetic stirrer to prevent the sus-

pended particles settling down during plating courses.

Substrate samples with dimensions of 25 mm 9

10 mm 9 1 mm were cut from a commercial pure copper

plate and all samples were polished with silicon carbide

papers up to grade 2000 grit, cleaned in 0.1 mol NaOH

solution and activated in 5 % hydrochloric acid at room

temperature. The anode was a pure nickel (99.98 %) plate

with an area of 10 cm2. The temperature of the electrolyte

was maintained at 45 �C by an automatic temperature

controller (PLT, Scientific Company—accuracy ±1 �C).

The plating was conducted at a current density of 10 A/dm2

for 20 min using a DC power supply (EKK-AJ5D) with

±0.05 A current accuracy. After the co-deposition process,

the samples were washed with distilled water and then

cleaned ultrasonically for 15 min to remove any loose

particles from the surface.

The microstructure and morphology of the coatings’ sur-

faces and cross sections were studied by field emission

scanning electron microscopy (FESEM, Nova Nano SEM,

2300). The amount of incorporated particles in the nickel

matrix layer was evaluated by micrographs image analysis

and using an energy-dispersive X-ray diffraction analyser

(EDS) attached to the FESEM machine. The crystalline

structure and grain size of the nanopowders, the pure nickel

layer and the composite coatings were determined by X-ray

diffractometry (Cu, Ka) at room temperature and by applying

the Scherrer formula using the (220) reflection. The X-ray

scan rate was 0.15� min-1 over a 2h range of 10� to 90�.
The hardness of the pure nickel and composite films were

determined using a Vickers microhardness measuring

device (WOLPERIW-401 MVD). The test was performed

under a 100 g load and the corresponding final values were

determined as the average of a minimum of five measure-

ments. The wear tests were performed at room temperature

by measuring the weight lost during grinding of the samples

on 2000 grit silicon carbide waterproof paper. The mass loss

of the samples to an accuracy of 0.1 mg was monitored to

compare the wear loss of pure nickel and composite elec-

troplated samples. The wear tests were repeated three times

on each type of samples and for different sliding distances

to minimize error and data scattering.

Results and discussion

Characterization of the nanoparticles

Figure 1a and b show XRD patterns of the Cr and SiC

nanoparticles which are matched with hexagonal silicon

carbide and cubic chromium reference peaks. The average

particle sizes of the Cr and SiC powders were calculated to

be 61 and 37 nm, respectively, using three main peaks of

the X-ray diffraction patterns in the Scherrer equation

disregarding the effect of the microstrains. The SEM

Table 1 Bath composition and deposition conditions

Component Concentration (g/l)

NiSO4�6H2O 240

NiCl2�6H2O 40

H3BO3 350

CH3(CH2)11OSO3Na 0.2

SiC (50 nm) 50

Cr (50 nm) 50

Deposition Condition

pH 4.0–4.2

Temperature (�C) 45

Electroplating time (min) 45

Current density (A/dm2) 10

The electrolyte used for the Ni–SiC–Cr MMC coating contained

50 g/l each of SiC and Cr nano powders
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observations also showed that as-received powders are

semi-spherical with a diameter between 50 and 75 nm.

Hence, the nominal size of 50 nm given by producer can be

accepted as the average value.

Using the characteristic peak broadening of the co-

deposited SiC and Cr particles in the composite layer

(Fig. 1d), the embedded Cr and SiC mean particle sizes

were estimated at about 64 and 73 nm, respectively. These

results and also the SEM micrographs (Fig. 2) showed no

noticeable particles agglomeration in the formed

composites.

Particles content of the nanocomposite coatings

The amount of particles incorporation during nickel

deposition is affected by number of variables such as

electrolyte composition and electroplating controlling

parameters, particles physical and chemical properties,

mixing hydraulic forces and probable interaction between

the particles.

The XRD patterns (Fig. 1) and SEM micrographs

(Fig. 2) and EDX analysis (Fig. 3) portray a successful

formation of Ni–SiC, Ni–Cr and Ni–SiC–Cr composite

layers with an almost homogeneous dispersion of nano-

particles and average 36, 36 and 37 lm thickness,

respectively. The volume percentage of the implanted

nanoparticles are shown in Table 2. The SiC showed a

higher deposition rate compared to the chromium particles

in the mono and hybrid composite layers. This behavior

can be understood in terms of deposition mechanism. The

surface energy and molecular polarization in the electrical

field of the plating cell initiates a type of ions physical

adsorption on the surface of neutral particles. The adsorbed

ions around the particles create a driving force for moving

towards the cathode surface. Simply, if the concentration

polarization near to the cathode is considered to be

Fig. 1 XRD pattern of: a silicon carbide powder, b chromium powder, c pure nickel coating, d Ni–Cr composite, e Ni–SiC composite,

f Ni–SiC–Cr hybrid composite
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negligible, combinations of electrical and hydraulic forces

define the probability of particle adsorption. The SiC

showed a higher deposition rate could be attributed to the

higher surface energy and polarity. The particle content of

the Ni–SiC–Cr was less the total co-deposited particles in

the Ni–Cr and Ni–SiC layers due to probable interaction

between the particles in the electrolyte and over the cath-

ode surface.

Coatings microstructure

The pure nickel exhibited a columnar structure (Fig. 2),

oriented in the (110) direction. The Ni–SiC composite also

had a columnar grain structure (Fig. 2a) with high density

of surface porosity, oriented in the (100) direction. On the

other hand, Ni–Cr and Ni–SiC–Cr composite coatings

characterized by fine grained granular structure (Fig. 2c)

and preferred crystalline growth direction of close-compact

(111).

A general observation was that the co-deposition of

chromium and silicon carbide nanoparticles resulted in

refinement of the nickel matrix grains. The mean grain

sizes of the electroplated pure nickel and nickel matrix of

the composite layers were determined using the Scherrer

formula as shown in Table 2. Clearly, the composite

coating had an average grain sizes smaller than that of the

pure nickel films which were electrodeposited under the

same conditions. This grain refinement could be attributed

to the role of the dispersed particles on nickel layer

nucleation rate and crystal growth.

Fig. 2 SEM micrographs of electrodeposited coatings: a Ni–Cr nanocomposite, b and c Ni–SiC nanocomposite, d and e pure nickel, f Ni–SiC–

Cr nanocomposite

Fig. 3 EDS test result of Ni–SiC–Cr nano composite

Table 2 Chemical analysis, microhardness and nickel matrix grain

sizes of deposited coatings

Coating Particle

content %vol.

Grain

size (nm)

Hardness

(HV)

Ni – 103 295

Ni–SiC 9.3 20 538

Ni–Cr 8.6 18 400

Ni–SiC–Cr 8.1–5.4 25 546
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Microhardness and wear resistance

The microhardness of pure nickel and nickel composite

coatings are shown in Table 2. The results showed that

adding dispersed particles to the nickel layer increased the

microhardness significantly. This improvement is mainly

related to Hall–Petch hardening effect (grain refinement-

strengthening) and incorporation of the nanoparticles

(dispersion-strengthening) which inhabit the plastic flow of

the metal matrix by blocking the free sliding of the dislo-

cations. Furthermore, a portion of enhanced hardness

owing to the particles influences on the morphology and

crystalline structure of coatings. The Ni–SiC–Cr showed

higher hardness compared to the pure Ni, Ni–SiC and

Ni–Cr coatings which is due to synergetic effects of grain

refining and dispersive strengthening whereas Ni–SiC–Cr

has higher particles content, fine granular grain structure

and a texture in close-compact and hard (111) direction.

The weight lost after sliding test of nickel and nickel

nanocomposite coatings is shown in Fig. 4. As it evident

from this graph, generally the wear of the films decreased

by adding dispersed particles to the nickel layer. The Ni–

SiC–Cr hybrid composite coating showed a minimum wear

weight loss which is in accordance with Archard’s law. The

most common form of the Archard wear equation is shown

below (Eq. 1). Here W is the wear volume lost, K0 is the

dimensionless wear coefficient and K is the dimensional

wear coefficient, H is the hardness, F is the normal force

and S is the sliding distance.

W ¼ K0

H
� F � S ð1Þ

K ¼ K0

H
ð2Þ

The Fig. 5 shows the dimensional wear coefficient

factor of the tested samples using Eqs. (1) and (2) for

100-m sliding distance which confirms Ni–SiC–Cr nano

composite superior wear resistance. It is suggested that

combining nickel-base ductility and excellent wear

resistance and toughness of the silicon carbide with good

mechanical properties of the chromium particles causes

good load-bearing capacity and delaminating resistance.

The projected hard particles on the coating surface increase

the sliding wear resistance. Moreover, semi-sphere-shaped

nanoparticles release from the composite surface after

some period of time and it may change the sliding friction

into rolling friction and produces a kind of self-lubricating

capability.

Conclusion

The pure nickel and Ni–SiC, Ni–Cr, Ni–SiC–Cr nano-

composite coatings were prepared by means of electrode-

position technique. The characteristics of the coatings were

investigated comparatively by scanning electron micros-

copy, EDS, XRD, microhardness and wear tests. The

results indicate that the formed novel Ni–SiC–Cr hybrid

composite consisted of homogeneous and compact

embedded nanoparticles with 8.1 and 5.4 % vol. of SiC and

Cr, respectively. The SiC particles did not change the

columnar structure of the nickel matrix whereas the

incorporation of Cr particles in Ni–SiC–Cr and Ni–Cr

coatings led to the formation of a granular grain structure.

The preferred grain growth crystalline direction of the

nickel matrix changed from (110) in to (100) in Ni–SiC and

close-compact (111) in Ni–Cr and Ni–SiC–Cr nanocom-

posite. The co-deposition of nanosilicon carbide and

chromium particles with nickel effectively reduced the size

of nickel crystals due to particles influences on the nickel

nucleation rate and crystal growth. The composite coatings

showed improved microhardness and wear resistance

compared to the pure nickel film as the result of change in

crystalline structure and surface morphology, grain

refinement and dispersion-strengthening. The Ni–SiC–Cr

showed superior tribological properties which can be

explained in terms of its lower wear coefficient, higher

hardness and particle content, fine crystalline structure in

hard (111) crystalline growth direction.
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