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a  b  s  t  r  a  c  t

The  surface  of  carbon  steel  was  modified  by electrochemical  deposition  of  Ni  in a standard  Watt’s  bath
using  dc  and  pulse  plating  electrodeposition.  The  aim  was  to  compare  the microstructure  and  surface
mechanical  properties  of  the  deposit  obtained  by  both  techniques.  Materials  characterization  was  con-
ducted using  field  emission  scanning  electron  microscope  fitted  with  scanning  transmission  electron
detector,  atomic  force  microscope  and  X-ray  diffractometer.  Nanoindentation  hardness,  elastic  modulus,
eywords:
ulse electrodeposition
ickel
icrostructure
anoindentation

adhesion,  coefficients  of  friction  and  wear  rates  were  determined  for  both  dc  and  pulse  electrodeposits.
Experimental  results  indicate  that  pulse  electrodeposition  produced  finer  Ni grains  compared  to  dc  plat-
ing. Size  of Ni  grains  increased  with  deposition.  Both  dc and  pulse  deposition  resulted  in  grain  growth
in  preferred  (2 0 0)  orientation.  However,  presence  of  Ni (1  1 1) grains  increased  in deposits  produced  by
pulse deposition.  Pulse  plated  Ni  exhibited  higher  hardness,  creep  and  coefficient  of  friction  and  lower
modulus  of  elasticity  compared  to dc  plated  Ni.
. Introduction

Nickel is extensively used in the development of coatings with
n aim to improve the surface properties of a large number of
lloys. Nickel coating protects metal surface from environmen-
al degradation and makes for a hard and wear-resistant surface.
ickel coatings also carry aesthetic value and satisfy decorative
eeds. Nickel deposition can be carried out using electrolytic or
lectroless technique, each of which provides certain benefits.
lectroless plating can be relatively expensive and time-intensive
1,2].

Parameters employed during electrolytic technique control the
rain size, morphology and texture of electrodeposited Ni, which in
urn affect the surface properties of the deposit. Both dc [3–6] and
ulse [7–14] electrodeposition has been used to deposit Ni in order
o improve the corrosion, tribological and aesthetic properties of
roducts used in various applications. Pulse electrodeposition has
ecome increasingly popular due to its cost effectiveness combined
ith its ability to provide high current density, power and con-

rolled pulse waveforms [15]. Pulse electrodeposition can reduce
orosity and improve corrosion resistance of Ni deposits com-

ared to dc plating [16]. Wear resistance of electrodeposited Ni
as also been reported to increase with decreasing grain size
10].

∗ Corresponding author. Tel.: +966 3 8602017; fax: +966 3 8603996.
E-mail address: anwar@kfupm.edu.sa (A. Ul-Hamid).

169-4332/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.apsusc.2011.04.120
© 2011 Elsevier B.V. All rights reserved.

During pulse plating, current is applied as a repetitive square
wave (on-off plating) while peak current density, pulse on-time
and pulse off-time are closely controlled. Nucleation occurs at
increased rate while grain growth is suppressed resulting in fine
grained coatings compared to those obtained by dc electrode-
position. Nanostructured coatings with less than 100 nm grain
size can greatly improve material properties compared to their
conventional counterparts. Progress in the development of nanos-
tructured coatings can lead to potential improvements in corrosion,
wear, strength, erosion and other properties useful for various
applications. Therefore, it is necessary to study the properties of
coatings produced by pulse electrodeposition to provide a com-
parison for materials produced by conventional dc deposition
technique.

In the present study, Ni was  deposited on carbon steel using dc
and pulse electrodeposition. The surface morphology of Ni elec-
trodeposits was examined using scanning electron microscopy
(SEM) and atomic force microscopy (AFM). Microstructure of the
Ni deposits was characterized using scanning transmission elec-
tron microscope (STEM) detector mounted on scanning electron
microscope combined with focused ion beam instrument. Sur-
face mechanical properties were evaluated by measuring the
nanohardness, microscratch, and coefficients of friction charac-
teristics of Ni. It was  the aim of this study to compare the

surface mechanical properties of Ni electrodeposits obtained by
dc and pulse electrodeposition and also to examine the effect
of microstructure on the surface properties of electrodeposited
Ni.

dx.doi.org/10.1016/j.apsusc.2011.04.120
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
mailto:anwar@kfupm.edu.sa
dx.doi.org/10.1016/j.apsusc.2011.04.120
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Fig. 1. Surface morphologies of Ni after (a) 1 min, (b)

. Experimental

.1. Electrodeposition

Plain carbon steel samples (20 mm × 10 mm × 3 mm)  were met-
llographically ground and polished to a surface finish of 1 �m.
hey were degreased with acetone and rinsed with distilled water.

he composition of Watt’s bath used in this study was NiSO4·6H2O
250 g), NiCl2·6H2O (50 g) and H3BO3 (35 g) per liter of water. Pure
i was used as anode and carbon steel as cathode during elec-

rodeposition. The pH and temperature of the electrolyte were

Fig. 2. Surface morphologies of Ni deposited at peak current density of 69
in, (c) 20 min  and (d) 60 min  of dc electrodeposition.

maintained at 3.6 and 45 ◦C, respectively. Current density used
for dc plating was 50 mA/cm2. Pulse electrodeposition was  per-
formed at different peak current densities of 520, 690, 860 and
1030 mA/cm2 for durations of 15–60 min. Pulse on-time (Ton) and
off-time (Toff) were kept at 2 and 10 ms,  respectively.

2.2. Materials characterization and grain size, texture and

residual stress measurements

Field emission scanning electron microscope (SEM) combined
with focused ion beam instrument equipped with scanning trans-

0 mA/cm2 after (a) 15 min  and (b) 60 min of pulse electrodeposition.
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Fig. 3. (a and b) Cross-sectional HAADF images showing fin

ission electron microscope (STEM) detector and atomic force
icroscope (AFM-contact mode) was used to examine the sur-

ace morphology and microstructure of electrodeposited Ni. An
-ray diffractometer equipped with a monochromator was used to
xamine the grain size, texture and residual stress of Ni deposits.
he diffraction spectra were generated using Cu K� radiation
� = 1.54184 Å) source operating at 40 kV and 40 mA.  Phase iden-
ification and crystallite size measurements were carried out
sing a Bragg–Brentano (BB) configuration with �/� scan axis.
rystallite size was determined using both Williamson–Hall and
hole-powder-pattern-decomposition (WPPF) pattern decompo-

ition by Rietveld method. Williamson–Hall method combines
cherrer equation for size broadening and Stokes and Wilson
xpression for strain broadening as follows:

 · cos(�) = k�

D
+ � · sin �,

A straight line is obtained when B · cos(�) is plotted against sin(�)
ith slope � and intercept k�/D. The value of � is the strain in the

rystallites while the value of D is the size of the crystallites. The
onstant k is typically close to unity and ranges from 0.8 to 1.39.

Pole figure and texture analysis was undertaken with BB con-
guration at alpha/beta axis. Residual stress measurements were
onducted at parallel beam configuration with 2�/� axis on Ni
3 1 1) planes using iso-inclination scanning (  angle).
.3. Surface mechanical properties

Details of experimental setup used for nanoindentation, micro-
cratch and pin-on-disc tribometer tests have been reported
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Fig. 4. X-ray diffraction spectra obtained from
rystallites formed at the initial stage of electrodeposition.

elsewhere [17]. Creep (CS) of the sample was calculated as follows:

CS = h2 − h1

h1

where h1 is the indentation depth at the time of reaching the test
force, h2 is the indentation depth at the time of holding the test
force.

During tribometer test, the linear speed of the disc was  main-
tained at 5 cm/s and total number of laps was fixed at 5000. The
radius was  3.5 mm and total sliding distance was approximately
110 m.

3. Results and discussion

3.1. Evolution of microstructure

3.1.1. Direct current electrodeposition
Relatively uniform, continuous and adherent Ni deposit was

obtained at a current density of 50 mA/cm2 after 10 min  of depo-
sition. Higher than optimal temperature resulted in non-adherent
and flaky deposits while lower temperature led to irregular and
inconsistent deposits that failed to cover the entire surface of
the sample. Increased pH levels of the bath gave rise to cracked,
flaky and blackened deposits. Surface morphologies of Ni elec-
trodeposited for 10, 15 and 60 min  are shown in Fig. 1. Initial Ni

crystallites deposited at the steel cathode surface are small in size
as shown in Fig. 1a. After 10 min  of deposition, Ni grains grow to
sub-micron size (see Fig. 1b). After 20 min, maximum size of Ni
grains can be as much as 2 �m as shown in Fig. 1c. Deposition of

Diffraction  Angl e (2θ)

40 50 60 70 80 90 10 0

In
te

ns
ity

 (a
rb

itr
ar

y 
un

it)

Ni (111)

Ni (200)

Ni (220) Ni (311)

 (a) dc and (b) pulse electroplated Ni.
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 h can produce Ni grains of up to 3 �m,  as seen in Fig. 1d. It can be
een from the SEM micrographs that an increase in deposition time
hanges the crystal orientation from random (Fig. 1b) to preferred
2 0 0] texture (Fig. 1d).

The concentration of Ni2+ ions at the cathode surface is gradually
iminished due to continuous deposition resulting in a progres-
ively coarser grain deposition with time [18]. The rate of grain

oarsening, however, decreases with time. Eventually Ni2+ concen-
ration at the cathode surface stabilizes inducing stability in the
eposit grain size. Fig. 1d clearly shows that dc electrodeposition
t this current density results in compact structures where coarse
 (a) 1 1 1 and (b) 2 0 0 directions.

pyramidal grains are accompanied by fine grains with the same
morphology and the crevices around the grains are not present.

3.1.2. Pulse electrodeposition
Fig. 2 shows surface morphologies of Ni produced by pulse elec-

trodeposition. Colonies constituting fine equiaxed grains of Ni are

visible separated by crevices after 15 min  of deposition as shown
in Fig. 2a. After 1 h of deposition, most of the fine equiaxed are
replaced by coarse pyramidal grains and appearance of crevices
diminish significantly due to the formation of fine faceted grains
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ig. 6. Load displacement curves obtained from pulse electrodeposited Ni showing
epth  of penetration.

see Fig. 2c). Thickness of Ni deposit after 1 h of deposition was
20 �m.

Cross-sectional high angle annular dark field (HAADF) images
llustrating typical microstructure of Ni electrodeposit formed at
he deposit–substrate interface are shown in Fig. 3a and b. It can
e seen that the Ni crystallites deposited at the alloy surface at the
ery beginning of electrodeposition are ≤10 nm in size as shown
n Fig. 3a. This is about 4 times smaller compared with the ini-
ial crystallite size deposited during dc plating. It can be seen in
ig. 3a that the fine layer of Ni crystallites deposited at the steel
urface is only ≈50 nm in thickness. It is followed by another layer
here average size of Ni grains was observed to be ≈50 nm.  It is

lear from these images that Ni grain size becomes coarser with

eposition time. Microstructure of Ni deposit is characterized by
igh angle grain boundaries. Coarser Ni grains exhibited columnar
orphology. Presence of twins within Ni grains was also observed

ndicating low stacking fault energy of Ni during electrodeposition
ormal force and penetration depth vs. time of indentation and (b) normal force vs.

[19]. Substrate immediately beneath the Ni deposit shows pres-
ence of dislocations that can indicate stresses generated due to
hydrogen evolution during Ni deposition [20]. Size of Ni grains ini-
tially deposited at the substrate surface influence subsequent grain
morphology and texture which in turn affects the stability of Ni
deposit [21]. A comparison of Fig. 2c and Fig. 1d shows that the
average number of coarse grains after 1 h of pulse electrodeposi-
tion is lower compared to that obtained for dc electrodeposition
for the same duration of deposition. Finer grain size distribution
of Ni obtained using pulse deposition can be partially attributed to
the fine-grained layer (10 nm grain size) initially obtained at the
substrate surface. It was  also observed in the present study that
fine grained Ni obtained using pulse electrodeposition resulted in

deposits that were relatively more stable and adherent compared
to those obtained using dc electrodeposition. This could be partially
attributed to low level of porosity associated with fine grained Ni
deposits [22].



9256 A. Ul-Hamid et al. / Applied Surface Science 257 (2011) 9251– 9259

F l force
d

3

t
d
F
M
1
g
a
t
s
w
s
p
p
g
s
d

d
i
e
a
m
s
t
i
p

ig. 7. Microscratch test of pulse electrodeposited Ni showing graphs of (a) norma
epth plotted against length of scratch. (d) SEM micrograph of the scratch.

.2. Grain size, texture and residual stress measurements

X-ray diffraction patterns obtained from dc and pulse elec-
roplated samples are shown in Fig. 4a and b, respectively. The
c plated sample shows strong preferred [2 0 0] orientation (see
ig. 4a) corresponding to coarse faceted pyramidal morphology.
aximum grain size for this sample was measured at 3 �m after

 h of deposition. Pulse electrodeposited Ni maintains preferred
rowth orientation of (2 0 0) planes (see Fig. 4b). Preferred texture
long [2 0 0] direction in electrodeposited Ni has been reported in
he literature [23]. However, the spectrum for pulse deposited Ni
hows higher intensity ratio of (1 1 1) to (2 0 0) peaks compared
ith dc plated sample. Since isotropic polycrystalline Ni exhibits

trong [1 1 1] random orientation, increased intensity of Ni (1 1 1)
lanes in the XRD spectrum obtained from pulsed deposited sam-
le is thought to correspond to higher degree of fine equiaxed
rains present within this sample. It is believed that pulse depo-
ition results in an increase in the growth of Ni grains along [1 1 1]
irection.

Pole figures of pulse electrodeposited Ni in [1 1 1] and [2 0 0]
irections depicting crystal orientation are shown in Fig. 5a and b. It

ndicates that pulse Ni deposit constitutes grain growth in both ori-
ntations. Average grain size of Ni for this sample pulse deposited
t a peak current density of 690 mA/cm2 for 15 min  was 25 nm
easured using X-ray diffraction technique. The values of residual
tress are summarized in Table 1. The residual stress in pulse elec-
rodeposited Ni was measured as −207 MPa  (compressive) using
so-inclination XRD method. Residual stress in electrodeposited
olycrystalline Ni measured by XRD has been reported as 143 and
, friction force and coefficient of friction, (b) acoustic emission and (c) penetration

−130 MPa  [20,24]. Reported values for pulse deposits with 10 nm
grain size vary between −452 and −842 MPa  [20] depending on
deposit–substrate lattice misfit as well as plating conditions such
as bath composition and current density. Stresses in pulse deposits
are generally higher than in dc deposits owing to the ability of pulse
deposition to reduce hydrogenation of deposits [20].

3.3. Surface mechanical properties

Typical load–displacement curves obtained from nanoindenta-
tion test of Ni deposit are shown in Fig. 6. The applied normal force
(load) and the penetration depth of the indenter (displacement)
are plotted against time in Fig. 6a. The normal force vs. penetration
depth for the same indent is plotted in Fig. 6b. These curves are
used to calculate mechanical properties of the material using Oliver
& Pharr (O & P) method [25] as shown in Table 1. The results show
that the nanohardness obtained from pulse electrodeposited Ni is
higher than dc electrodeposited Ni. This is thought to be due to the
fine grain structure of Ni obtained due to pulse deposition. Grain
size difference also resulted in pulse electrodeposited Ni having
slightly higher degree of creep compared to dc plated Ni as calcu-
lated from nanoindentation tests (see Table 1). In addition, modulus
of elasticity calculated for pulse Ni was  lower than dc plated Ni.

Microscratch test results for pulse electrodeposited Ni at 30 N
load are shown in Fig. 7a–d. Normal force, friction force and coef-

ficient of friction are plotted against the displacement in a graph
shown in Fig. 7a. Acoustic emission and penetration depth are plot-
ted in Fig. 7b and c, respectively. The acoustic emission does not
record any signal indicating that cracking of coating does not occur
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Fig. 8. (a) Plot of friction of coefficient with time for 5000 laps and (b) surfa

t a load of 30 N. This is confirmed by the SEM macrograph (see
ig. 7d) showing the end of the scratch region where electrode-

osited Ni is smeared by sliding action of the indenter giving rise
o side ridges. No signs of cracking, chipping or de-cohesion of the
i are visible which is indicative of an adherent deposit.

ig. 9. (a) Optical image showing worn area of ball used in tribometer test. (b) SEM-EDS 

e  removed from steel ball.
rphology for pulse plated Ni. (c) Friction of coefficient plot for dc plated Ni.

Plots obtained for pulse and dc electrodeposited Ni using pin-
on-disc test on tribometer are shown in Fig. 8a and b, respectively.

Relatively high values of coefficient of friction (�) were obtained
for both pulse and dc electrodeposited Ni as shown in Table 1.
Nickel deposited by pulse method shows slightly higher friction

spectrum obtained from wear track formed on Ni deposit showing the presence of
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Fig. 10. Cross-sectional profiles of wear tracks for (a) pu

oefficients compared to dc method. It can be seen in Fig. 8a that
ignificant fluctuations occur during the test for pulse deposited Ni.
his is caused by the deposition of the ball material on the sample.
ignificant wear on the ball was also observed. Plot in Fig. 8a shows

 ‘running-in time’ for friction measurement at the beginning. Fric-
ion coefficient value starts at a low value of 0.36 and increases
teadily up to 0.68. At 35 s, the deposits of materials on the sur-
ace create a regime of fluctuations of friction coefficient values.
he smooth surface is transformed into an additional third body
ayer, probably comprising deposits of the worn ball and wear of

he coating. After 180 s, the friction coefficient starts to be more
onstant in average value. Subsequently, an average value of 1.52
s reached which is considered to be a high value of friction coef-
cient. Fig. 8b shows the morphology of the wear track formed on

able 1
ypical surface properties obtained for dc and pulse electrodeposited Ni.

DC electrodepo
current density
deposition time

Average grain size at deposit surface 1 �m 

Texture (2 0 0) preferred

Residual stress, MPa  Ni (3 1 1), iso-inclination method −143 to −842 [
Vickers microhardness, VHN (microhardness tester) 226 

Vickers hardness, VHN (nanoindenter) 230 

Nanoindentation hardness, HS (MPa) 2492 ± 214 

Creep,  CS (%) 2.38 

Modulus of elasticity, ES (GPa) 262 ± 22 

Microscratch test, 30 N No de-cohesion
Co-efficient of friction, � 1.44 

Wear  rate (mm3/N m)  8.18 × 10−5
d (b) dc plated Ni samples showing area of worn tracks.

pulse electrodeposited Ni indicating surface roughness resulting
from material removal during tribometer test.

For dc pulsed samples, ‘running-in time’ for friction measure-
ment was  also observed at the beginning as seen in Fig. 8c. Friction
coefficient value starts at a low value of 0.35 and increases steadily
up to 0.78 at 30 s. At 30 s, there is a sharp increase. But around 80 s,
a steady-state is reached. An average value of 1.44 is reached over
a longer period of time. It was interesting to observe that the mea-
surement of friction coefficient is more stable and constant for dc
than with pulse deposited samples, with less fluctuation observed.
High coefficient of friction observed for pulse plated Ni is due to
its high hardness that results in wear of ball material itself. Aver-
age diameter of the worn out area of the ball was  approximately
613 �m as shown in the optical image of Fig. 9a. Removal of ball

sited Ni
: 50 mA/cm2

: 20 min

Pulse electrodeposited Ni
current density: 690 mA/cm2

deposition time: 20 min

100 nm
 orientation (2 0 0) preferred orientation with

increased contribution from (1 1 1)
planes

15] (compressive) −207 (compressive)
310
313
3384 ± 297
3.36
226 ± 21

 or cracking No de-cohesion or cracking
1.52
5.24 × 10−4



A. Ul-Hamid et al. / Applied Surface Science 257 (2011) 9251– 9259 9259

Table  2
Values of coefficient of friction for Ni in literature.

Material Coefficient of
friction, �

Wear rate
(mm3/N m)

Ni–P coatings (measured with Si3N4) [26] 0.7 5.5 × 10−3

Ni 0.87 3.92 × 10−5

Ni–8.39W (at%) 0.80 2.27 × 10−5

Ni–9.43W 0.73 1.88 × 10−5

Ni–12.70W (measured with 100Cr6 steel) [27] 0.82 1.14 × 10−5

Ni–steel [28] 0.8 (fretting) –
.65 (fr
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Ni–steel [29] 0.18–0
Ni–steel [30] 0.70 

Ni  composites–steel [31] 0.70–1

aterial causes significant fluctuation in coefficient values and high
verage values are obtained due to the formation of third body
aterial composed of a mixture of worn out ball and Ni deposit,

s shown in the SEM/EDS spectrum of Fig. 9b. Friction coefficient
alues of Ni found in literature [26–31] are given in Table 2 for
omparison.

Wear track of pulse Ni was not uniform as shown in the pro-
lometer curve of Fig. 10a  compared to that of dc plated Ni
hown in Fig. 10b. Average worn out area in pulse Ni sample was
241 �m2 compared to 818 �m2 in dc plated Ni. Wear rates calcu-

ated from these curves for pulse and dc Ni were 5.24 × 10−4 and
.18 × 10−5 mm3/N m,  respectively. Fine grains in pulse Ni sample
ould serve to trap wear debris thus increasing the real contact area
etween the pin and disc and thereby resulting in an increased wear
ate due to third body abrasion [32]. Probability of grain pull-out
rom the surface of dc plated Ni is less due to their coarse size,
esulting in less wear rate.

. Conclusions

Pulse electrodeposition produced finer Ni grains compared to dc
lating. Size of Ni grains increased with an increase in the duration
f electrodeposition. Both DC and pulse deposition resulted in Ni
ith preferred (2 0 0) orientation but presence of (1 1 1) oriented

rains increased in pulse plated Ni. Compressive residual stress
as measured in pulse deposited Ni. Pulse plated Ni exhibited
igher nanoindentation hardness, creep and coefficient of friction
nd lower modulus of elasticity than dc plated Ni.
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