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Ni-Cu-W-alumina nanocomposite coatings with functionally graded structure were electrodeposited using a
continuous variation of duty cycle/frequencywithin eight stages. Scanning electronmicroscopy (SEM) and ener-
gy dispersive X-ray spectroscopy (EDS) were employed for microstructure and elemental analysis, respectively.
The atomic force microscopy (AFM) and profilometry analyses were used to investigate the roughness of coat-
ings. Results showed copper and alumina contents increased, while nickel and tungsten contents decreased to-
ward the surface with a continuous drop in duty cycle. Continuous variation of pulse frequency showed a
different manner, however; as it was found less effective than duty cycle. The observed contact angle demon-
strated that the produced coatings have hydrophobic properties owing to their hierarchical morphology. In ad-
dition, the pin-on-disk wear test results indicated that the predominant controlling wear mechanism might be
described as the abrasive wear created by the abrasive grooves.

© 2016 Elsevier Ltd. All rights reserved.
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1. Introduction

Nickel–tungsten alloys is considered as a promising candidate for
environmentally friendly replacement of hard chromium because of
its satisfactory properties and appearance [1]. Ni-W coatings are of in-
terest because of their proper characteristics such as premiumhardness
and wear resistance [2–4], desirable anti-corrosion properties [5],
electro-catalytic features [6], etc. These coatings can be applied by dif-
ferent techniques such as magnetron sputtering [7], electroless [8],
and electrodeposition [9,10] methods. In electrodeposition method, it
is possible to utilize direct current, pulse current, and pulse-reverse cur-
rent. It is reported that coatings with proper mechanical properties can
be obtained by the use of pulse currents [11]. Pulse plating also provides
fabrication of novel structures such as functionally graded [12] andmul-
tilayer structures. By controlling and adjusting pulse parameters, name-
ly theduty cycle and frequency, it is possible to control the structure and
properties of deposited coatings in amore precise and efficient manner.

Regarding the electrodeposition of nanocomposite coatings, it is
stated that ceramic particles (i.e. Al2O3) in the composite coatings de-
grade the adhesion of coating to the substrate [13–15]; therefore, their
wear resistance significantly declines. To avoid this, coatings with low
content of reinforcement particles at the coating/substrate interface
and high content at top of the surface are recommended. These coatings
are known as functionally graded coatings (FGC). Functionally graded
materials are a kind of new engineering materials, in which some

characteristics such as chemical composition and structure gradually
change toward the surface, resulting in a change in thematerial proper-
ties [16].

Regarding the electrodeposition of FG coatings Wang et al. [17] fab-
ricated Ni/SiC gradient deposit with continuous distribution of the SiC
content from 0 to 30 vol.% By the method of increasing SiC concentra-
tion gradually and controlling the deposition conditions. Ni-P gradient
electrodeposits with a graded variation of P content and phase structure
as a function of coating thickness were conducted in a single plating
bath through the control of current density [18]. Lari-baghal et al. elec-
trodeposited the functionally grain size and SiC content graded Ni-Co/
SiC coating using gradual increase in current density during
electroplating. Their findings exhibited better bonding toughness and
higher wear resistance of FG Ni-Co/SiC coating in comparison to uni-
form nanostructured coatings [19]. Ni-Al2O3 nanocomposite coatings
with gradient structure were also pulse electrodeposited by continuous
variation of pulse duty cycle and frequency through five layers. Alumina
nano-particles gradually increase with decrease in pulse duty cycle, and
consequently the microhardness increase as a function coating thick-
ness [20]. Ni-W-(α-alumina) nanocomposite coatings with gradual in-
crease in tungsten and alumina contents were deposited in our
previous work. Pulse duty cycle decreasing and frequency increasing
separately employed in order to obtain functionally graded coatings in
eight steps. Also, results showed the more pronounced effect of duty
cycle increasing in comparison with pulse frequency variations [21].

In this study, in a nickel-copper-tungsten ternary system,we are try-
ing to fabricate Ni-Cu-W-alumina FG coatings using pulse electrodepo-
sition so that the amount of copper and alumina content increased
gradually, simultaneous with the drop in nickel and tungsten contents
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along the coating thickness. For this purpose, stepwise variation of pulse
parameters has been employed in eight steps. Since the commonly
dominant factor affecting the corrosion properties of Ni-W alloys is
crack density [22], this studywas also conducted to investigatewhether
introducing copper is an efficient way to reduce the cracking of Ni-W
structure. However, visual survey showed that the density of crack re-
duced, the cracks are also evident in the Ni-W after introducing copper.

2. Materials and methods

Carbon steel specimens were cut as rectangular samples with ex-
posed area of 20 cm2. Before to electroplating, the specimens were
polished up to 600 emery papers. Then, the samples were rinsed with
distilled water and degreased with methanol. Finally, they were acid
washed and activated with 10% HCl for 10 s. Electrodepositionwas con-
ducted in a 200ml beaker and pure nickel sheet was used as a consum-
able anode. Electrodeposition was carried out using the pulse current.
The variation of pulse parameters during each plating stage was per-
formed by a pulser facility connected to the rectifier. The composition
of the electrolyte was 150 g/l nickel sulfate (NiSO4·6H2O), 45 g/l nickel
chloride (NiCl2·6H2O), 40 g/l boric acid (H3BO3), 20 g/l sodium
tungstate (Na2WO4·2H2O), 73 g/l sodium citrate (Na3C6H5O7·2H2O),
10 g/l copper sulfate (CuSO4·5H2O), 20 g/l nano α-alumina, 1 g/l sodi-
um saccharin, and 0.1 g/l sodium dodecyl sulfate (SDS). Fig. 1 shows
the TEM image of the utilized alumina nanoparticles. To avoid agglom-
eration of nano-alumina, the suspensionwas subsequently agitated by a
magnetic stirrer (400 rpm) for 12 h, followed by further agitation with
ultrasonic for 30 min (with the power of 160watt and frequency of
20 kHz) just prior to the electroplating. During the plating process, tem-
perature and pH were fixed at 50 °C and 6 ± 0.15, respectively. Besides,

the electrolytewas stirred at about 190±10 rpmusing amagnetic stirrer,
and the solution pH was adjusted using the ammonia or sulfuric acid.

The microstructure of the coating layers was characterized by SEM.
Moreover, the elemental analysis of deposited films was performed by
energy dispersive X-ray analysis (EDS). Micro-hardness measurements
of the coatings were performed on their surface using a Vickers micro-
hardness instrument at an applied load of 25 g for a period of 15 s and
the corresponding final values were determined as the average of 5
measurements. Furthermore, the topography and surface profile of the
coatings were analyzed using AFM (Ara-A.F.M. Model No.0101/A:
Iran). Electrochemical measurements were performed using an EG&G
273A interfaced with a computer. Potentiodynamic polarization was
carried out in 3.5 wt.% NaCl solution, in a potential range of −300 mV
to+700mVwith respect to OCPwith a scan rate of 1mV/s. For electro-
chemical measurements, a platinum electrode was used as the counter
electrode. Also, the potentials were measured and recorded with re-
spect to a saturated calomel electrode (SCE) as reference electrode. Slid-
ing wear tests were done using a pin-on-disk wear apparatus at room
temperature in accordance with the ASTM-G99 standard. The normal
load of 40 N with a speed of 8 cm/s was applied with a radius of
10 mm for 400 m of sliding. The used pin was made of alumina. Before
the wear test, all contact surfaces were cleaned and then dried. The
mass loss and the normalized wear rate were measured by a microbal-
ancewith the accuracy of ±50 μg. All samples were subject to wettabil-
ity test using the deionized water according to D7334 standard.
Hamilton syringe (ILS, model: CTC A200 S) was used for pouring the
drop. A digital microscopic camera (Dino Lite, model: AM-413ZT) was
used to film the drop profile. Wetting angle was measured after 25 s
from drop impact with the surface of the coated sample. Table 1 illus-
trates the deposition conditions for each FG coating.

3. Results and discussion

Figs. 2 and 3 present the SEM images of Ni-Cu-W-Al2O3 nanocom-
posite coatings with functionally graded structures. Fig. 2 demonstrates
the FG coatings developed using continuous variation duty cycle in
eight layers at the constant frequencies of 100, 450, and 800 Hz at the
magnification of 250× and 1000×.

Besides, Fig. 3 shows the FG coatings pulse deposited using the con-
tinuous alteration of frequency in eight stages at the fixed duty cycles of
20, 55, and 90% in two magnification levels. Because tungsten is co-de-
posited with iron-group metals [23,24] through forming complexes
such as [Ni((WO4)2(H)2(Cit)]−2 on cathode surface, it is expected that
with further formation of such products on the cathode surface, tung-
sten can be more co-deposited on the cathode. Taking into account
the lower concentration of tungstate ions and consequently these com-
plexes in the deposition electrolyte, and considering the fact that tung-
sten could not be deposited solely, as reported elsewhere [25,26],
tungsten will be co-deposited under diffusion-control kinetics.

Moreover, from a thermodynamic point of view, copper is nobler
than nickel and tungsten and deposits at the less cathodic potentials,
at which Ni and W could not deposit. Therefore, during TOFF, copper

Fig. 1. TEM image of alumina nanoparticles used in FG-NC coatings.

Table 1
Conditions for electrodeposition of nanocomposite Ni-Cu-W-Al2O3 with FG structure.

Coating no. Frequency Time (s) Duty cycle (%) in

1st layer 2nd layer 3rd layer 4th layer 5th layer 6th layer 7th layer 8th layer

FG-NC-100f 100 Hz 1500 90 80 70 60 50 40 30 20
FG-NC-800f 450 Hz 1500 90 80 70 60 50 40 30 20
FG-NC-1500f 800 Hz 1500 90 80 70 60 50 40 30 20

Duty cycle Frequency (Hz) in
FG-NC-11DC 20% 1500 100 200 300 400 500 600 700 800
FG-NC-50DC 55% 1500 100 200 300 400 500 600 700 800
FG-NC-88DC 90% 1500 100 200 300 400 500 600 700 800
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