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a  b  s  t  r  a  c  t

In  this  paper,  Ni-graphene  composite  coatings  with  different  graphene  addition  amounts  were  prepared
on 45  steel  disk  by  using  dipulse  composite  electrodeposition  technology.  Meanwhile,  the  influence  of
plating  time,  bath  temperature  and  load  on friction  and  wear  of  the coating  was  studied.  The  tribological
behavior  of composite  coating  was tested  against  a Si3N4 ceramic  ball under  dry  condition.  Cross-sectional
morphologies  showed  that  Ni-graphene  coating  was  successfully  coated  on  the  substrate  with  an  average
eywords:
omposite coating
riction and wear
ribological behavior

thickness  of  85  ±  5 �m.  XRD  analysis  concluded  that  with  the increase  of  addition  amount  of  graphene,
the  average  crystallite  size  of coating  decreased.  EDS  analyses  and  Raman  spectra  proved  the  presence
of graphene.  Friction  coefficient  of  composite  coating  decreased  with  the  increase  of  graphene  addition
amounts,  while  the hardness  increased.  Meanwhile,  the  wear  resistance  of composite  coating  improved.
The  optimum  experimental  conditions  were  obtained.
. Introduction

Metal matrix composite coatings containing nano-sized par-
icles of reinforcing phase can be effectively deposited by
lectrodeposition to enhance the corrosion and wear performance
f materials [1]. The problem of stable suspension of nanoparticles
n the plating solution is usually overcome by addition of suit-
ble surfactant. The particles reach the surface of the substrate
y stirring and get deposited on the substrate metal resulting

n composite coating having thickness from tens to hundreds
f micrometers. It has already been reported that inclusion of
anoparticles in composite coatings enhances the hardness, corro-
ion resistance, lubrication and antifriction properties of steel [2].
lso, these properties are reported to be dependent on the exper-

mental parameters like current density, pH, bath constituent’s

oncentrations and the nature of particle [3]. Amongst many
etal-based composite coatings, Ni matrix composite coatings

re of great importance because of their high hardness and wear
esistance.
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He et al. [4] prepared Ni-diamond composite coatings
containing 1.47–15.6 wt% diamond particle by composite elec-
trodeposition. They reported that Ni-diamond composite coating
had a completely different structure from pure nickel coating
and the presence of diamond particles provided better corrosion
resistance than pure nickel coating. Carpenter et al. [5] prepared
nickel-carbon nanotube (Ni-CNT) composite coatings having dif-
ferent CNT volume fractions by electrodeposition and examined
their friction and wear properties under dry sliding recipro-
cating motion. The results indicated that Ni-CNT coatings had
higher and more consistent hardness as well as improved wear
resistance.

Since, the successful preparation of graphene from exfoliation
of graphite by Geim and Novoselov in 2004 [6], it has attracted
a lot of attention from scientists due to its excellent properties.
Because of smaller shear force between its layers, it has lower fric-
tion coefficient than graphite in theory, thus we hope it can make
contributions to antifriction and lubrication. Kim et al. [7] prepared
graphene films on the surface of SiO2/Si by chemical vapor deposi-
tion (CVD), used Cu and Ni as catalyst. Then they evaluated the
friction performance by atomic force microscope (AFM), finding
that the friction coefficient of Ni-graphene was  only 0.03. Venkate-

sha et al. [8] successfully prepared Ni-graphene composite coatings
on mild steel specimens by electrodeposition and analyzed their
corrosion behavior. They reported a change in the surface mor-
phology of graphene resulting in fine grained structure with higher

dx.doi.org/10.1016/j.apsusc.2015.11.094
http://www.sciencedirect.com/science/journal/01694332
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Table 1
Bath composition and operating conditions.

Component

NiSO4·6H2O 240 g/L
NiCl2·6H2O 45 g/L
H3BO3 30 g/L
Na2SO4 20 g/L
SDBS 0.05 g
Graphene 0.1 g/L, 0.2 g/L, 0.3 g/L, 0.4 g/L
Temperature 50–80 ◦C
Time 2 h, 4 h, 6 h, 8 h
Current density 1 A dm−2

Stirring rate 750 rpm

Fig. 1. XRD pattern of graphene.
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Fig. 3. SEM photomicrographs of graphene.
Fig. 2. Raman spectra of graphite oxide and graphene.

ardness and an improvement in corrosion resistance in compari-
on to the pure Ni coating.

In the present work, Ni-graphene composite coatings with
ifferent additions of graphene have been prepared by electrode-

osition and the effect of experimental parameters such as plating
ime, bath temperature and composition on the mechanical prop-
rties of composite coatings has been examined. The friction
Fig. 4. XRD patterns of composite coatings with different addition amounts of
graphene (a) and under different bath temperature with 0.1 g/L graphene (b).

and wear characteristics of the composite coatings under dry
sliding contact have also been determined to understand the influ-

ence of graphene on the tribological behavior of Ni graphene
coatings.
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. Experimental

.1. Synthesis of graphene

.1.1. Synthesis of graphite oxide
Graphite oxide was prepared following a modified Hummers

ethod [9]. To prepare the graphite oxide 1 g graphite pow-
er was dispersed in a solution containing 20 ml  concentrated
2SO4 (98 wt%) and 5 ml  H3PO4 (85 wt%) and stirred magneti-
ally for mixing properly. A calculated amount of KMnO4 (6 g)
as also added to the above solution slowly, while stirring it

ontinuously. The temperature of mixture was kept below 20 ◦C
n a water bath. After oxidizing for 1 h, the reaction mixture

as transferred to 35 ◦C water bath and stirred for 30 min. Then,
6 ml  of deionized water was added and temperature of mix-
ure was raised to 95 ◦C. The solution was stirred for another
0 min. After this, 6 ml  H2O2 (30 wt.%) was added dropwise
hich resulted in change of the color of solution from dark

rown to bright yellow. The synthetic mixture was repeatedly
ashed and centrifugalized with deionized water until the pH

f solution was close to 7. Graphite oxide (GO) was obtained
fter drying at 60 ◦C under vacuum. Graphite oxide powder
as dispersed in deionized water to create 1 mg/ml of disper-

ion, the color of which turned brown after ultra-sonication
or 3 h.

.1.2. Synthesis of graphene
Graphene was synthesized via chemical reduction of GO by

sing hydrazine hydrate as a reducing agent. For this purpose,
 ml  hydrazine hydrate was added into 100 ml  graphite GO dis-

ersion and the solution was heated in water bath to 80 ◦C for 24 h.
raphene gradually precipitated out as a black solid, which was
ltered and washed repeatedly with deionized water. The synthe-
ized graphene was stored in a desiccator.

Fig. 5. SEM photomicrographs of Ni-graphene composite coatings with differ
cience 361 (2016) 49–56 51

2.2. Preparation of Ni-graphene composite coating

AISI 45 steel disks with �43 mm and 4 mm thickness were
used as substrate for deposition of coatings. The steel plates were
mechanically polished with 180#, 320#, 400#, 600#, and 800#
emery paper to get a smooth, bright and uniform surface, and then
degreased in acetone and immersed in 10% HCl to remove dust and
rust.

Composite coatings were prepared by multi-group reversing
pulse electrodeposition method keeping pure Ni plate as anode and
45 steel disk as cathode. The Watt’s electroplating bath used for
the coating and the suspension was  continuously stirred at a con-
stant speed. The bath composition and operating conditions are
given in Table 1. Prior to composite coating, the bath solution was
stirred using a magnetic stirrer at 700 rpm for about 2 h, and subse-
quently by ultrasonic agitation for 1 h. After electrodeposition, the
composite coatings were washed dried and then used for further
studies.

2.3. Characterization of coatings

The hardness of composite coatings was estimated by Vickers
hardness tester using a load of 200 g (HV0.2). The surface and cross-
section morphology of composite coatings were observed under
scanning electron microscope (SEM). The phase and composition
were analyzed by X-ray diffraction (XRD) using a Cu K  ̨ radiation
and Energy Dispersive Spectroscopy (EDS).

2.4. Tribological behavior testing

Dry sliding friction and wear tests were carried out using a WTH-
2E ball-on-disk tribometer under the normal loads ranging from 1

to 3 N and a constant velocity of 0.1 m s−1. A 4 mm diameter Si3N4
ceramic ball was  used as the counterface against the AISI 45 steel
discs coated with Ni-graphene composite coatings. The pure Ni
coating was used for comparison. The wear rate was calculated in

ent amounts of graphene: (a) 0.1 g/L; (2) 0.2 g/L; (3) 0.3 g/L; (4) 0.4 g/L.
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e coating: (a) 0.1 g/L; (b) 0.2 g/L; (c) 0.3 g/L; (d) 0.4 g/L.
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Fig. 6. Cross-sectional morphologies of composit

erms of the mass loss measured by an analytical balance with a
esolution of 0.0001 g.

. Results and discussion

.1. Characterization of graphene

Fig. 1 shows the XRD pattern of graphene reflecting the
anocrystalline nature of graphene and a broad peak at 2� = 24.7◦,

ndicating the removal of oxygen-containing functional groups
resent in the interlayer spacing of the graphite oxide due to reduc-
ion process [10,11].

Raman spectra of pf both graphite oxide and graphene are
hown in Fig. 2. Two strong peaks at 1354 cm−1 and 1594 cm−1,
eferring to D and G mode, respectively, could be seen in the spec-
ra. The ratio of ID and IG, i.e., ID/IG which is used as a measurement
f the relative degree of disorder in carbonaceous materials [12], is
ound to be as 1.02 for graphene and 0.88 for graphite oxide. Fig. 3
epicts SEM photomicrographs of reduced graphite oxide showing
tacked layer structure.

.2. Characterization of Ni-graphene composite coating

.2.1. XRD analysis
Fig. 4a shows the XRD patterns of composite coatings with dif-

erent additions of graphene whereas, the patterns obtained for
ifferent bath temperatures and with a fixed addition of 0.1 g/L
raphene are presented in Fig. 4b. One can see from Fig. 4a that,
he intensity of peak increases gradually with increasing amount
f graphene. However, at a fixed addition of graphene the intensity
s observed to be maximum for a bath temperature of 60 ◦C, beyond

hich the intensity of peak decreases with increasing temperature.
he average crystallite size of the deposits can be calculated from

he Debye Sherrer’s equation (1) [13].

 =
(

K�

 ̌ cos �

)
(1)
Fig. 7. Variation of micro-hardness of Ni-graphene composite coating with amount
of  graphene (a), bath temperature (b).

where L is the average crystallite size, K is the Scherer constant,
� is the wave length (0.154056 nm),  ̌ is the full width half max-
ima  (FWHM), and � is the diffraction angle. The average crystallite
size decreases from 38.1 nm (0.1 g/L), 34.1 nm (0.2 g/L), 32.5 nm
(0.3 g/L) to 31.0 nm (0.4 g/L) after calculation. Hence, one may con-
clude that the average crystallite size decreases with increasing
amount of graphene. This may  be explained on the basis of the
fact that during the composite electrodeposition, the graphene
enhances nucleation by creating a disorder in the matrix and simul-
taneously diffusion of graphene toward growing centers also helps
in retardation of crystal growth, these mechanisms of increase in

the nucleation growth and retardation in the crystal growth of com-
posite brings about a reduction in the crystallite size [8]. These
small sized particles may  be the reason for the presence of strong
diffraction peak which becomes even more prominent with the
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Fig. 8. Friction coefficient of composite coatings with different addition amount of
graphene (a) and under different plating time (b) and different bath temperature (c)
w

i
d
X
t
m
c
d

Fig. 9. Variation of wear rate of composite coatings (a) with different addition

ith 0.1 g/L graphene.

ncreasing amount of graphene. However, we could not detect the
iffraction peak of graphene, probably due to the limitations of
RD as the amount of graphene may  have been below the detec-
ion limit. The difference in the ID/IG ratio for graphene and GO
ay  also be attributed due to the decrease in the average size of

rystalline graphitic domains and formation of some smaller sp2
omains during reduction.
amount of graphene, (b) with different plating time, (c) under different plating
time.

3.2.2. SEM and EDS analysis
Surface morphologies of Ni-graphene composite coatings are
shown in Fig. 5. The composite coating depicts uniform struc-
ture with bright and small sized grains with increasing amount of
graphene. The EDS analyses indicate that graphene adsorbed on the
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Fig. 10. SEM morphologies and EDS analyses of wear

lating surface during deposition hinders the crystal growth and
ncreases the number of nucleation sites for reduction of Ni ions,
esulting in a fine grained and intact arrangement of Ni crystals
n the composite coating [14]. When graphene content is 0.3 g/L or

ore, a small amount of O is detected probably due to the oxidation
f C in the coating.
.2.3. Cross-sectional morphologies of composite coating
Fig. 6 (a through d) shows cross-sectional morphologies of

omposite coating with 0.1 g/L and 0.4 g/L graphene addition,
 (a, e) 0.1 g/L; (b, f) 0.2 g/L; (c, g) 0.3 g/L; (d, h) 0.4 g/L.

respectively, as observed under metallographic microscope. A com-
parison of Fig. 6a–d of graphene shows that the average thickness
of coating increases with increasing amount of graphene. The coat-
ing thicknesses for the additions of 0.1, 0.2, 0.3 and 0.4 g/L are
73.5, 78.6, 85.1 and 89.5 �m,  respectively. Further, one could also
observe that the coating is well bonded to the substrate with no

obvious defects and impurities visible at the interface. It may be
attributed to the absorption of graphene particles on the sub-
strate resulting in a firm bonding between the coating and the
substrate.
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.2.4. The Vickers micro-hardness
Fig. 7a shows the variation of Vickers micro-hardness of Ni-

raphene composite coatings with graphene content. Fig. 7b
epicts the variation of hardness with the bath temperature for a
xed amount of graphene addition of 0.1 g/L and fixed time of coat-

ng of 4 h. It can be seen that the Vickers micro-hardness (HV0.2) of
omposite coating increases with increasing amount of graphene.
owever, the hardness decreased with increasing both the bath

emperature for a fixed addition of 0.1 g/L as evident from Fig. 7b.
he increase in hardness with increasing amount graphene can be
xplained on the basis of the finer grain size which is observed in
he present study which provides hindrance to the movement of
islocations resulting in improved resistance to plastic flow and
nhanced hardness. At the same time, the inherent high mechan-
cal strength of graphene might also have played a vital role in
mproving the hardness of the composite coating [15]. However,
he movement of dislocations might have become easier with the
ncrease in bath temperature during plating, leading to the lower
ardness of the coating.

.3. Friction and wear behavior

The variation of friction coefficient of composite coatings with
ifferent amounts of graphene tested at a normal load of 2 N against
he ball of Si3N4 is illustrated in Fig. 8a while the variations of fric-
ion coefficient with bath temperature and plating time for a fixed
ddition of 0.1 g/L graphene under the same testing conditions are
hown in Fig. 8b and c, respectively. One can observe that the fric-
ion coefficient sharply increases to a certain value, stabilizes and
hen maintains a constant magnitude during the whole test and the
rend is similar for all the coatings containing different additions
f graphene as evident from Fig. 8a. However, the friction coef-
cient is found to decrease with increasing amount of graphene
nd the value reaches to 0.6 for the coating containing the high-
st amount of graphene i.e., 0.4 g/L, used in the present work. The
riction coefficient of pure Ni coating is observed to be about 0.7
s shown in the inset in Fig. 8a. The friction coefficients shown
y the coatings having 0.1 g/L and 0.2 g/L graphene are a little bit
igher than 0.7 whereas the friction coefficient of the coating hav-

ng 0.3 g/L graphene is nearly same as that of pure Ni coating as
vident from Fig. 8a. Thus one may  conclude that the addition of
raphene should be more than 0.3 g/L for being effective in reducing
he friction, which is also commensurate with the Raman analysis.
omez-Navarro et al. [16], Poot et al. [17], and Frank et al. [18]
tudied the mechanical properties of graphene and reported the
igh young’s modulus of graphene hinders the formation of a lubri-
ating film of graphene when the amount of graphene is less. So,
he friction coefficient does not decrease but increase compared
ith the pure Ni, probably because of high mechanical strength of

raphene itself. When graphene content is more than 0.3 g/L, the
eduction in friction coefficient occurs by forming a layer of lubrica-
ion film. With the rise of bath temperature, the friction coefficient
rst decreases and then increases. In the present study, the low-
st value of friction coefficient (about 0.68) is obtained at a bath
emperature of 60 ◦C. The friction coefficient does not show any
onsistent trend of variation with time of plating, but it shows the
owest value of 0.7 for a plating time of 6 h. Therefore, one may
onclude that a bath temperature of 60 ◦C and plating time of 6 h
re the best experimental parameters as far as frictional behavior
s concerned.

.3.1. Wear rate

In order to further evaluate the wear resistance and adhesion of

oatings, wear rate has been used to clarify the tribological prop-
rties. Fig. 9 presents the variation of wear rate composite coatings
ith different addition amount of graphene, under different
cience 361 (2016) 49–56 55

plating temperature and with different plating time with differ-
ent load at 0.1 m s−1 after sliding for 30 min. It can be seen in Fig. 9a
that under the same load, wear rate increases with the increase
of addition amount of graphene. Similarly, wear rate of composite
coatings increases with the increase of load under the same addi-
tion amount of graphene. The wear rate of 45 steel is the largest.
When the amount of graphene increases from 0.3 g/L to 0.4 g/L, the
wear rate starts to decrease, which is probably associated with the
compact structure (see Fig. 5d) and the high hardness of coatings
(see Fig. 7), giving rise to an improvement of the load bearing capac-
ity and the wear resistance. As is shown in Fig. 9b, when the plating
temperature is 60 ◦C, the value of wear rate is the lowest at all the
load. Then it rises along with the temperature rise. Prolong the
deposition time may  help in thickening composite coatings, but
the coatings have shown a limited improvement in wear resistance
as shown in Fig. 9c. This may  be attributed to a relatively lower
hardness (Fig. 7b), resulting in a reduced load bearing capacity.

3.3.2. SEM and EDS analyses of wear track
Fig. 10 shows SEM morphologies and EDS analyses of wear track

with different amount of graphene. In contrast to the coated sur-
face, regular surface helps in improving its resistance to penetration
against Si3N4 ball and leads to a regular wear track as shown in
Fig. 3b. In comparison to Fig. 8a, loose structure and low hardness
may  be the reasons why  the wear track appears irregular. One can
also see some layers ready to get off (Fig. 10c). The wear track in
Fig. 10d is mild and flat, which is attributed to the compact surface
(Fig. 5d) and the high hardness (Fig. 7). EDS analysis (Fig. 10g) dis-
plays that there exist more O and C content, and oxidation during
the tribo-testing may  be the probable reason for the peeling of the
layer. All the coatings exhibit relatively serious wear in dry slid-
ing conditions but without wear through, indicating that coatings
adhere well with the steel substrate. It is believed that the wear
of Si3N4 ball might have occurred which leading to the transfer of
material from the ball to the counterface as depicted in EDS  analyses
in Fig. 10e to 10 g.

4. Conclusions

In the present work, graphene was synthesized from graphite
oxide and characterized. The Ni-graphene coating was success-
fully coated on the steel specimen. The presence of graphene in
the deposited coating was confirmed by EDS analyses and Raman
spectra. The presence of graphene made the surface morphology of
composite coating more compact, and the hardness became higher
with the increase of addition amount of graphene. All the results
revealed that the optimum experimental parameters were 60 ◦C
of bath temperature and 6 h of plating time. Besides, less amount
of graphene does not seem to lead to the remarkable reduction of
friction coefficient compared with pure nickel coating, however,
the value starts to decrease when the addition amount increases to
0.4 g/L. Hence, the higher addition amount of graphene is helpful
for reducing friction coefficient of composite coatings.
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