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Abstract
Nanocrystalline Ni-W-Cu alloy coatings, synthesized by pulse electrodeposition technique from aqueous sulphate-citrate 
solution, have been investigated to study the evolved phases, crystallite size, micro-strain, and morphology. The effect of 
alloying with Cu and its concentration on the corrosion behavior of the Ni-W-Cu coatings in sodium chloride medium was 
examined through potentiodynamic polarization technique and electrochemical impedance spectroscopy. The increase in the 
Cu content of the electrodeposited coating improves the crystallinity, leads to grain coarsening, and reduces micro-strain of 
the Ni-W-Cu alloy coatings. The corrosion resistance is observed to improve because of the formation of  Cu2O-rich barrier 
film on the Ni-W-Cu alloy surface, which was confirmed through X-ray photoelectron spectroscopy. The addition of Cu is 
considered as responsible for strengthening the passivation phenomenon and enhancing the oxidation resistance of the Ni-W 
phase in the coating.
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1 Introduction

Nanocrystalline Ni-W alloy coatings have emerged as an 
important subject of materials research, because of desirable 
properties such as mechanical, electrical, magnetic, tribolog-
ical, and anti-corrosion properties for specific structural or 
functional applications, and these alloys are also regarded as 
a promising and favorable substitute for the hazardous hard 
chromium coatings [1–4]. Particularly, the research on Ni-W 
binary alloy coatings with W concentration of 5–25 at% has 
received a considerable attention [5]. Several researchers 
have confirmed that the passivation current density as well 
as the corrosion rate in a typical acidic environment can be 
reduced extensively by raising the W concentration of the 
Ni-W alloy coating [5, 6]. However, achieving concentra-
tions of W ≥ 25 at% in the alloy is not found to be easy, even 
if the concentration of tungstate ion is extensively more than 

the  Ni2+ ion content in the bath [7]. Furthermore, several 
researchers have observed that the anti-corrosion perfor-
mance of the Ni-W alloy coating in sodium chloride medium 
is affected adversely with the decrease in crystallite size and 
increase in W content as the  WO3 layer formed on the alloy 
surface is unstable in neutral or alkaline sodium chloride 
solution, suggesting that there could be an upper limit of the 
desirable concentration of W [8, 9]. Therefore, the amount 
of achievable corrosion resistance property in the binary 
Ni-W alloys, particularly in sodium chloride environment 
is probably limited, making it necessary to evolve suitable 
strategies for ternary alloying of these alloys.

A few literature reports suggest that the corrosion 
resistance of the parent metal/alloy in different corro-
sive environments can be improved by alloying with Cu 
[10–12]. Pardo et al. [13] have stated that the dissolution 
of metal elements can be hindered by developing a dense 
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Cu-layer over the surface, which considerably reduces the 
rate of corrosion of the AISI 304 stainless steel. Hong 
et al. [14] have also reported analogous explanation for 
the Cu-containing low alloy steels. Furthermore, several 
researchers have also found that alloying Ni, Ni–Ti alloy, 
or stainless steels with Cu increases the corrosion resist-
ance by suppressing the dissolution of the parent metal 
ions in the corrosive medium through the development of 
an insoluble salt layer of cuprous or cupric chloride on the 
surface of the alloy [15–18]. Since most of the aforemen-
tioned investigations, devoted to the Cu addition in Ni, 
Ni-based alloys, or steels, have shown lower corrosion rate 
for the base metal/alloy [13–18], it would be interesting 
to study the role of Cu addition to the Ni-W alloy and the 
evolved structure and corrosion behavior of the Ni-W-Cu 
ternary alloys. Although very limited research has been 
carried out on the electrodeposition of such ternary alloys, 
particularly the optimization of operating conditions and 
their correlation with composition of the deposited alloy 
coatings [19, 20], the correlation between structural and 
corrosion behavior of the Ni-W-Cu alloy coatings has not 
been studied in detail.

Pulse electrodeposition technique, which is well-accepted 
as an appropriate technique for the synthesis of nanostruc-
tured coatings, is preferred for the production of Ni-W-based 
alloy coatings [21–25]. Certain advantages such as the ease 
of controlling process parameters, product purity, and grain 
size of the deposits, complex shape formation, and high 
production rate make this technique suitable for industrial 
applications [26]. Pulse electrodeposition raises the limiting 
current density by replenishing the metal ions in the diffu-
sion layer during  TOFF period [27, 28]. Thus, by applying 
higher current density during  TON period, alloy coatings 
with finer grain size (< 30 nm) can be deposited which is 
not feasible by using direct current electrodeposition tech-
nique. It has been observed that pulse electrodeposited coat-
ings possess superior mechanical and corrosion properties as 
compared to that of direct current electrodeposited coatings 
[28]. In addition, by modifying pulse deposition parameters, 
coatings with desired composition, structure, porosity, and 
hydrogen content can be produced [29].

With this background, the present work has been carried 
out with the following objectives: (i) to produce nanostruc-
tured Ni-W-Cu alloy coatings having varied Cu concentra-
tion through pulse electroplating technique from an aqueous 
sulphate-citrate bath, and (ii) to examine the role of Cu on 
structure and corrosion resistance of the alloy coatings. For 
this purpose, an exhaustive study has been conducted on 
the electrodeposited Ni-W-Cu alloy coatings with specific 
emphasis on crystallite size, micro-strain, morphology, and 
corrosion resistance in saline water and the observed behav-
ior has been analyzed by comparing with the base Ni-W 
alloy coating.

2  Experimental

2.1  Materials and synthesis procedure

The electrolytic bath prepared using analytical grade chem-
icals and de-ionized water along with the operating con-
ditions employed for pulse electrodeposition of the alloy 
coatings are listed in Table 1. Prior to the beginning of the 
electrodeposition process, the electrolytic solution pH was 
brought to ~ 8.0 using a required quantity of  H2SO4 or NaOH 
solution. The temperature of the solution was retained at 
75 ± 2 °C by placing it on an automatic-controlled hot-plate. 
The pulse electrodeposition experiment was conducted by 
using an electrochemical analyzer (Autolab, Netherlands), 
while maintaining the conditions as shown in Table 1. The 
substrate used in the present study was prepared from a Cu 
sheet with a cathodic dipping area of 1 × 3  cm2, whereas a 
Ti sheet coated with Pt was used as the anode. Before each 
experiment, polishing with different grades of emery paper 
up to 1200 and cleaning of the substrates were carried out. 
Subsequently, the area of deposition was activated by treat-
ing it with a  H2SO4 solution of 1 M concentration and then 
washed thoroughly using distilled water.

2.2  Characterization methods

The electrodeposited alloy coatings were characterized for 
phase analysis by an X-ray diffractometer (Empyrean PANa-
lytical, Netherland), operated at grazing incidence X-ray dif-
fraction (GIXRD) mode under voltage and current of 40 kV 
and 30 mA, respectively. While performing the GIXRD 
scans, the angle between the specimen and incident Cu Kα 
X-rays of wavelength λ = 1.54 Å was kept at 2°, and the 
detector was moved at 2° per min with respect to the speci-
men. For examining the surface morphologies of the coat-
ings and their elemental compositions, a scanning electron 

Table 1  Bath composition and process conditions for pulse electro-
deposition of the alloy coatings

Composition of bath Pulse electrodeposition condi-
tions

NiSO4.6H2O 0.05 M Temperature 75 ± 2 °C
Na2WO4.  2H2O 0.1 M Bath pH 8.0
Na3C6H5O7 0.5 M Peak current 

density
300 mA  cm–2

NH4Cl 0.5 M Duty cycle 25%  (Ton 
50 ms;  Toff 
150 ms)

CuSO4.5H2O 0.002 M, 
0.004 M and 
0.008 M

Stirring rate
Deposition time

150 rpm
4 h
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microscope (SEM) (Zeiss EVO 18, Oberkochen, Germany) 
along with an energy dispersive spectroscopy (EDS) attach-
ment (EDAX, Ametek, Draper, Utah, USA) was used.

The potentiodynamic polarization study and electro-
chemical impedance measurements were performed in 3.5 
wt% sodium chloride solution at the ambient temperature 
using an electrochemical workstation (CH Instruments, Inc. 
USA) to examine the corrosion behavior of the coatings. 
The working electrode for the three-electrode corrosion test 
cell was prepared from the alloy deposit having an exposed 
area of 1  cm2; whereas, a saturated calomel electrode (SCE) 
was used as the reference electrode, and Pt wire worked as 
the counter electrode. The potential scan rate implemented 
was 1 mV  s–1, while carrying out polarization study for the 
coatings. The electrochemical impedance spectroscopy was 
conducted by applying AC maximum potential of 5 mV at 
frequencies within the range of 1–105 Hz. X-ray Photoelec-
tron Spectroscopy (XPS) (PHI 5000 Versa Probe II, Japan) 
was employed for the analysis of the corroded surfaces of 
the tested coatings. Before conducting the XPS analysis,  Ar+ 
sputtering treatment for 60 s was employed to clean the sur-
faces of the samples, and during the XPS analysis, Al Kα 
X-rays (1.487 keV) having 100 µm2 beam size was used.

3  Results and discussion

3.1  Role of copper content in the electrolytic 
solution

The effect of varying Cu content in the electrolytic solution 
(125, 250, and 500 mg  L–1 Cu) has been studied to evaluate 
the corresponding change in its concentration in the elec-
trodeposited Ni-W-Cu alloy coatings. The concentrations 
of Ni and W in the deposited Ni-W alloy coating are found 
to be about ~ 77 at% and ~ 23 at%, respectively, as shown 
in Fig. 1a. The Cu concentration in the Ni-W-Cu coating is 
increased from 3 to 15 wt% with rise in the amount of Cu 
added in the form of  CuSO4.5H2O in the electrolytic bath, 
as presented in Fig. 1b-d and Table 2. Since Cu is more elec-
tropositive than Ni and W according to the EMF series, the 
preference for co-deposition of Cu and its concentration in 
the deposited Ni-W-Cu alloy coatings enhances extensively 
with the rise in Cu concentration of the electrolytic solution.

3.2  Characterization of electrodeposited alloy 
coatings

3.2.1  XRD analysis and crystallite size

The comparison of X-ray diffraction patterns of the 
investigated alloy coatings as shown in Fig. 2 indicates a 
considerable decrease in peak width with the rise in Cu 

concentration of the Ni-W-Cu alloy coatings. Moreover, 
it is noteworthy to mention that the peaks representing 
{200} and {220} planes, which are not observed in case 
of the Ni-W alloy coating, become more prominent with 
their intensities scaling with the Cu concentration of the 
electrodeposited Ni-W-Cu alloys. In order to examine the 
possibility of preferred orientation, the texture coefficients 
have been evaluated using the intensity values of the XRD 
peaks according to the equation [30]:

  where I is the relative intensity and {h k l} symbolizes 
different crystal planes represented by the XRD peaks. The 
presence of only {111} peak is suggestive of < 111 > as the 
preferred growth direction, whereas the presence of {200} 
and {220} along with {111} in case of the Cu-containing 
alloys indicates a decrease in texture coefficient (Table 2). 
Usually, the predominance of the typical < 111 > texture 
found in case of the Ni-W alloy is similar to that observed 
in the fcc-structured films obtained by physical vapour depo-
sition as well [30] and is probably driven by the tendency 
for lowering of the surface free energy, considering that 
{111} is the closest packed plane in the fcc structure. The 
decrease in the texture coefficient of {111} with addition of 
Cu in the Ni-W-Cu alloy may be ascribed to reduction of 
surface energy anisotropy for growth along different crystal-
lographic directions.

The crystallite size (d) and micro-strain (ε) of the alloy 
coatings have been evaluated from the Williamson-Hall 
relationship [31]:

where θ refers to the Bragg’s angle of diffraction, β is the 
peak broadening, k represents the factor (~ 0.9) related 
to crystal shape, and λ corresponds to Cu  Kα wavelength 
(1.54 Å). The broadening (β) has been evaluated using the 
relation:

where βsample and βstandard are full width at half maximum 
(FWHM) of any XRD peak obtained for the alloy deposit 
sample and the annealed Ni metal sheet, respectively. The 
FWHM of X-ray diffraction peaks of the annealed Ni was 
considered as the measure of instrumental broadening. 
According to Williamson-Hall relation, a graph was plot-
ted by taking 4sinθ and β.cosθ values in the horizontal and 
vertical axes, respectively (Fig. 3). The size of crystallite and 
micro-strain of the investigated alloy coatings presented in 
Table 2 have been calculated from the y-axis intercept and 
slope of the best-fitline, respectively obtained by the linear 

(1)Texture coefficient (%) =
[

I{hkl}∕
∑

(

I{hkl}
)

]

× 100

(2)�.cos� = k�∕d + 4sin�.�

(3)� =
√

�

�2
sample

−�2
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�



1161Journal of Applied Electrochemistry (2021) 51:1157–1174 

1 3

Fig. 1  EDS compositional analysis of the alloys deposited from the baths of varied copper concentrations a 0 mg  L–1 (Ni-W), b 125 mg  L–1 (Ni-
W-3Cu), c 250 mg  L–1 (Ni-W-8Cu) and d 500 mg  L–1 (Ni-W-15Cu)
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regressional analysis of the plot. With rise in Cu concentra-
tion of the alloy coatings, the crystallite size is found to 
increase with the increment being > 2 times on addition of 
15 wt% Cu. On the other hand, the micro-strain is observed 

to reduce with increasing Cu content of the alloy coatings. 
Both observations with respect to the micro-strain and crys-
tallite size as a result of the increase in Cu concentration of 
the alloy coatings are consistent with the qualitative observa-
tion of the decrease in XRD peak widths (Fig. 2). Therefore, 
based on the aforementioned observations, it can be inferred 
that the Cu addition to the Ni-W alloy promotes grain coars-
ening along with reduction of the micro-strain in the alloy 
coating. Ghosh et al. [32] have earlier reported a similar 
phenomenon in case of the Ni-Cu alloy, where an increase 
in Cu concentration from 26 wt% to 35.8 wt% has resulted 
in coarsening of the grains by ~ 92% from a size ~ 6.6 nm 
to ~ 12.7 nm.

3.2.2  Morphological analysis

The morphologies of the investigated alloy coatings have 
been illustrated in the SEM images as presented in Fig. 4. 
All the electrodeposited coatings seem to be reasonably 
well-adhered to the substrate underneath, with absence of 
any detectable surface microcrack. The microstructure of the 
Ni-W alloy (Fig. 4a) shows the presence of globular clusters 
of Ni-W crystallites, and the average size of these clusters 
increases with Cu addition to the Ni-W alloy, as displayed 
in Fig. 4b–d. It reveals that alloying with Cu probably con-
tributes to lowering of the nucleation rate, which in turn 
facilitates grain growth. For the Ni-W-Cu alloy coating, the 
bright region with cauliflower-like surface morphology as 
depicted in Fig. 4e and 4f is found to be enriched with Cu 
whereas the dark region contains relatively less amount of 
Cu. This observation is also confirmed through EDS map-
ping of the surface and line profile across the bright and dark 
regions of the coating (Fig. 5). The EDS map as displayed in 
Fig. 5a shows the Cu-enriched regions surrounded by Ni-W 
crystallites, which are distinguished by the significantly pop-
ulated colour dots of respective elements. The line profile 
analysis across bright and dark regions of the coating surface 
as shown in Fig. 5b indicates a prominent rise in the Cu con-
centration while passing though the white region, followed 
by reduction in Cu content in dark region, and this observa-
tion is in agreement with the inference drawn from the EDS 
maps. The presence of Cu-rich grains clustered at the cen-
tres of globules on the surfaces of Ni-W-Cu alloy coatings, 
which is represented by green colour dots, is suggestive of 

Table 2  Alloy coatings obtained 
from electrolytic bath with 
different copper concentrations

Cu concentration in 
bath (mg  L–1)

Alloys of different 
wt% Cu

Crystallite size 
(nm)

Strain (ε) Texture coefficient (%)

(111) (200) (220)

0 Ni-W 14.3 0.0063 100 – –
125 Ni-W-3Cu 15.1 0.0047 70.3 17.7 12.0
250 Ni-W-8Cu 23.5 0.0035 71.6 17.1 11.3
500 Ni-W-15Cu 29.3 0.0021 70.1 18.4 11.5

Fig. 2  X-ray diffraction patterns of the alloy coatings with different 
copper concentrations a Ni-W, b Ni-W-3Cu, c Ni-W-8Cu and d Ni-
W-15Cu

Fig. 3  Evaluation of size of crystallite and strain in the lattice of the 
alloy coatings a Ni-W-3Cu, b Ni-W-8Cu and c Ni-W-15Cu
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segregation or localized enrichment of Cu during growth by 
electrodeposition. The formation of globular structure at the 
surface appears to be triggered by the increase in grain size 
as well as enhanced segregation of Cu with increase in the 
average Cu concentration of Ni-W-Cu alloy coating, prob-
ably because of its limited solubility in the Ni-W alloy and 
the preferred deposition of Cu-rich grains due to its higher 
position in the EMF series. 

3.3  Potentiodynamic polarization behavior

The corrosion test results evaluated by examining the polari-
zation behavior of the alloy coatings are illustrated in Fig. 6. 
The Tafel extrapolation method has been employed to deter-
mine the corrosion potential  (Ecorr), corrosion current den-
sity  (icorr), corrosion rate, and resistance to polarization  (Rp) 

for different alloy coatings, and the values of these corrosion 
test output parameters are presented in Table 3. The polari-
zation curve for Ni-W alloy coating shows the most nega-
tive  Ecorr of – 0.675 V and the maximum  icorr of ~ 17.86 µA 
 cm–2. With a subsequent increase in the electrode potential 
above  Ecorr, the anodic current increases gradually and then 
decreases at 0.1 V, such that an anodic peak current can be 
identified. Further, a passive layer, formed in between ~ 0.1 
and  ~ 0.28 V, breaks due to an abrupt rise in current at 
potential higher than 0.28 V, which is an indication of the 
active dissolution of the Ni-W alloy coating. Panagopou-
los et al. [33] have earlier reported a similar phenomenon 
for the nanocrystalline Ni-W alloy coating in 0.3 M NaCl 
medium and mentioned the break-down of a non-protective 
oxide layer at higher potential values above 0.15 V leading 
to dissolution of the coating. The outcome of polarization 

Fig. 4  Morphologies of the alloy coatings with different copper concentrations a Ni-W, b Ni-W-3Cu, c Ni-W-8Cu, d Ni-W-15Cu (lower magnifi-
cation), e and f Ni-W-15Cu (higher magnification)
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study reveals that due to the Cu addition to the Ni-W alloy, 
 icorr decreases, whereas the  Rp increases, and as a conse-
quence the  Ecorr shifts towards the more noble direction. It 
may be noted that the  Ecorr shifts to a more positive value of 
– 0.38 V, and  icorr decreases to ~ 3.51 µA  cm–2 on addition of 
8 wt% Cu. The same trend is followed with further increase 
in the Cu concentration in the Ni-W-Cu alloy coating to 
15 wt% with  Ecorr – 0.321 V and  icorr ~ 1.23 µA  cm–2 such 
that the Ni-W-15Cu coating is found to exhibit the highest 

corrosion resistance among the investigated alloy coating 
samples. The anodic polarization behavior of the Ni-W-8Cu 
and Ni-W-15Cu coatings (Fig. 6) shows the presence of two 
distinct active–passive regions, which is not observed in 
case of Ni-W alloy coating. The existence of wider plateaus 
of current density representing the polarization behavior of 
Ni-W-Cu alloy coatings is associated with passivation and 
subsequent creation of a passive film, which protects from 

Fig. 5  Identification of Cu-
enriched regions of the Ni-W-
15Cu alloy coating through a 
EDS mapping and b line scan 
method
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further oxidation of the coating and blocks the dissolution of 
the ternary alloy, resulting in lower corrosion rate. 

3.4  EIS measurements

The investigated alloy coatings were also tested for EIS 
measurements to evaluate their corrosion behavior, and the 
results have been displayed in the form of Nyquist and Bode 
plots as shown in Fig. 7a–c. Furthermore, for analyzing the 
EIS data, an equivalent circuit model shown in Fig. 7d has 
been used. This circuit model involves the use of the solution 
resistance  (Rs), resistance to charge-transfer  (Rct), capaci-
tance of the double-layer  (Cdl), and a resistor–capacitor 
combination representing the passive film resistance  (Rf) 
and capacitance  (Cf). The Nyquist plots (Fig. 7a) indicate 
that the Cu addition to the Ni-W alloy has led to higher 
impedance at all frequencies indicating improved corrosion 
resistance of Ni-W-Cu alloy coating, which is in agreement 
with the observations of polarization study. The size of the 
capacitive semi-circle is also found to increase significantly 
for the coating with higher Cu content, which appears to 
have a direct correlation with the corrosion resistance of 
the Ni-W-Cu alloy.

Bode plots illustrate the variation of modulus of imped-
ance (|Z|) and phase angle (φ) with change in frequency in 
Fig. 7b and 7c, respectively. At lower frequencies, the modu-
lus of impedance is observed to increase with the rise in Cu 
content of the coating (Fig. 7b). The Ni-W-15Cu alloy coat-
ing exhibits the maximum |Z| value, which indicates that 
its corrosion rate is lower than Ni-W-8Cu or Ni-W alloy. 
Moreover, the highest phase angle (φ), displayed by the Ni-
W-15Cu alloy coating (Fig. 7c), signifies the existence of 
a more stable passive film, which results in a higher resist-
ance to the diffusion of  Cl− ions through the coating. It may 
be noted that the enhanced corrosion resistance because of 
the presence of Cu as alloying element in the Ni-Cu alloys 
has been found by several researchers to be related to the 
increased ionic and electronic resistance of the passive bar-
rier film, which in turn has contributed to the higher modu-
lus of impedance [34–36]. Such a phenomenon has been 
credited to the inclusion of  Ni2+ ions in the copper oxide 
layer that controls the rate of corrosion.

Based on the EIS observations, the equivalent imped-
ance parameters evaluated by means of the circuit model 
(Fig. 7d) are illustrated in Table 4. The addition of Cu to 
Ni-W alloy leads to an increase in  Rct as well as a reduction 
in  Cdl values. The lowering of  Cdl of the coating is related to 
the reduction in active area of the coating in contact of the 
corrosive medium. These observations are in tune with the 
superior anti-corrosion characteristics of Ni-W-Cu alloy in 
comparison to the Ni-W alloy and the enhancement of cor-
rosion resistance with rise in the Cu concentration. Further-
more, the trend observed for the passive film resistance  (Rf) 
and capacitance  (Cf) values obtained for the investigated 
Ni-W-Cu alloy coatings are also consistent with their lower 
corrosion rates due to the formation of a passive layer that 
efficiently decreases the metal-solution interaction and low-
ers the transfer rate of  Cl− ions from the corrosive medium. 
Therefore, it can be inferred that corrosion test outcome, 
obtained from both polarization behavior and EIS meas-
urements, are in concurrence, and the corrosion rate of the 
investigated coatings decrease in the following sequence, 
Ni-W-15Cu < Ni-W-8Cu < Ni-W.

Fig. 6  Potentiodynamic polarization behavior of the alloy coatings 
with different copper concentrations a Ni-W, b Ni-W-8Cu and c Ni-
W-15Cu alloy

Table 3  Potentiodynamic 
polarization test parameters for 
the alloy coatings with varied 
copper concentration

Type of alloy coating Ecorr (V vs SCE) Icorr (µA  cm–2) Polarization resist-
ance,  Rp (Ω  cm–2)

Corrosion 
rate (mil year 
–1)

Ni-W − 0.675 ± 0.05 17.86 ± 0.09 3274 ± 33 7.578 ± 0.6
Ni-W-8Cu − 0.380 ± 0.04 3.51 ± 0.06 9557 ± 38 1.629 ± 0.1
Ni-W-15Cu − 0.321 ± 0.03 1.23 ± 0.02 12,845 ± 46 0.571 ± 0.01
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3.5  Morphology of the corroded alloy coating 
surfaces

The top surface and cross-sectional morphologies of the 
corrosion tested coating samples are displayed in Fig. 8. 
The corroded surface morphology of the Ni-W alloy 
coating shows the presence of corrosion pits on the sur-
face, which have grown into elongated pores (Fig. 8a). 

Examination of the SEM images representing the cross-
sectional view of the corrosion tested Ni-W alloy coat-
ing shown in Fig. 8b confirms the degree of damage and 
presence of the elongated pores as a result of growth of 
the corrosion pits, which is similar to the observation 
made from the inspection of the top surface morphology 
(Fig. 8a). However, the damage to the surface through the 
formation of such corrosion pits is observed to be com-
paratively less for the investigated Ni-W-Cu alloy coatings, 

Fig. 7  EIS measurements for the alloy coatings of different copper concentrations a Nyquist plot (Z’ vs. Z’’), b Bode plot (Frequency vs. |Z|), c 
Frequency vs. phase angle and d Equivalent circuit model employed for fitting the impedance data

Table 4  Electrochemical impedance spectroscopy measurements for the alloy coatings with varied copper concentration derived from Nyquist 
and Bode plots

Type of alloy 
coating

Rs (Ω  cm–2) Rct (Ω  cm–2) Rf (Ω  cm–2) Cdl (µF  cm–2) Cf (µF  cm–2)

Ni-W 7.8 ± 1.6 73.8 ± 11.4 667.1 ± 25.2 92.6 ± 0.5 4.7 ± 0.2
Ni-W-8Cu 9.2 ± 1.1 428.4 ± 23.5 954.3 ± 17.6 54.1 ± 1.3 3.6 ± 0.4
Ni-W-15Cu 8.4 ± 1.8 986.3 ± 36.8 1544.7 ± 48.5 42.8 ± 0.7 3.2 ± 0.2
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which is evident from qualitative examination of the cor-
roded surfaces of the Ni-W-8Cu (Fig. 8c) and Ni-W-15Cu 
coatings (Fig. 8e). With the addition of Cu to the Ni-W 
alloy, the number of corrosion pits and their growth are 
found to be reduced, which can be noticed in the cross-
sectional images as shown in Fig. 8d and 8f. The corrosion 
pit size is noticed to progressively shrink with increased 
Cu concentration of Ni-W-Cu alloys, which can be con-
sidered to be in tune with the observations of polarization 
study and EIS analysis, showing the scaling of corrosion 

resistance with Cu concentration of the investigated Ni-
W-Cu alloy coating.

The EDS maps depicting the distribution of the constit-
uent elements in cross-section of the corroded Ni-W alloy 
and Ni-W-15Cu alloy coatings are shown in Fig. 9 and 
Fig. 10, respectively. The EDS maps are collected from 
the locations shown in the SEM (BSE) images (Fig. 8b 
and f). Examination of these maps indicates the elemental 
enrichment of Cu in the corrosion tested Ni-W-15Cu alloy 
coating. 

Fig. 8  SEM images of the corrosion tested alloy coatings with different copper concentrations a Ni-W (surface), b Ni-W (cross-sectional), c Ni-
W-8Cu (surface), d Ni-W-8Cu (cross-sectional), e Ni-W-15Cu (surface) and f Ni-W-15Cu (cross-sectional)
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3.6  X‑ray photoelectron spectroscopy of corroded 
surfaces

For examination of the chemistry of the corrosion tested 
alloy coating surfaces as well as to understand the mecha-
nism of passivation, the corroded surfaces were investi-
gated by XPS, and the outcome is displayed in Fig. 11. 
The XPS spectra of Ni-2p with peaks at binding energies 
of 852.7 eV and 857.9 eV as shown in Fig. 11a reveals the 
existence of metallic Ni and Ni(OH)2, respectively in the 
corroded surface of Ni-W alloy coating. In contrast, the 
XPS peak at the binding energy ~ 855.9 eV as illustrated 
in Fig. 11b confirms the formation of only NiO on Ni-W-
15Cu alloy coating, whereas the peaks representing Ni 

and Ni(OH)2 are not found, indicating their absence at 
the corroded surface. The XPS peaks representing Ni and 
Ni(OH)2 (Fig. 11a) as well as NiO (Fig. 11b) have been 
matched with the corresponding binding energies, follow-
ing the available data in the literature [37–39].

The XPS spectrum of Cu-2p obtained from the Ni-W-
Cu alloy coating as displayed in Fig. 11c shows two dis-
tinct peaks representing Cu and  Cu2O at 932.8 eV and 
952.5 eV, respectively. Furthermore, the XPS peaks of 
O-1 s (Fig. 11d and e) and W-4f (Fig. 11f and g) obtained 
by Gaussian fitting of the relevant parts of the spectra have 
been deconvoluted. The O-1 s spectrum collected from 
the surface film on the Ni-W alloy (as shown in Fig. 11d) 
exhibits one strong peak at the binding energy of 532.1 eV 

Fig. 9  EDS maps showing the 
distribution of a Ni, b W, and 
c O in the cross-section of the 
corroded Ni-W alloy coating
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representing  OH−, as well as a relatively weak peak cen-
tered at ~ 533.6 eV, which corresponds to  H2O(ads). Fur-
thermore, an XPS peak of O-1 s representing the  O2− at 
the binding energy of ~ 530.1 eV (Fig. 11e) is noticed in 
case of Ni-W-15Cu alloy coating [39, 40]. This observa-
tion also confirms the formation as well as presence of the 
compounds containing  O2− such as NiO and  Cu2O on the 
corroded surface of the Ni-W-15Cu alloy coating.

The XPS spectra with peaks representing the W-4f 
from the corroded surface films formed on Ni-W and Ni-
W-15Cu alloy coatings are illustrated in Fig. 11f and g, 
respectively. It is observed that the XPS spectra from both 
the alloy surfaces consist of a distinct peak representing 
W centered at ~ 31.4 eV. Moreover, a comparatively weak 
peak centered at ~ 35.7  eV in the XPS spectrum from 

the Ni-W-15Cu alloy coating confirms the formation of 
 NiWO4 in tune with the experimental data reported in the 
literature [8, 23].

3.7  Evolution of corrosion products

In view of the observations of XPS analysis, it is inferred 
that the possibility of formation of different corrosion prod-
ucts such as Ni(OH)2, NiO,  NiWO4, and  Cu2O depends 
on the constituents of the alloy coating. In case of Ni-W 
alloy coating, the anodic polarization leads to oxidation of 
Ni to form Ni(OH)2 on the alloy surface according to the 
equation [41]:

(4)Ni + 2H
2
O → Ni(OH)2 + 2H

+ + 2e
−

Fig. 10  EDS maps showing the 
distribution of a Ni, b W, c Cu 
and d O in the cross-section of 
the corroded Ni-W-15Cu alloy 
coating
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Fig. 11  XPS spectra of corrosion films formed on the surface of the alloy coatings with different copper concentrations a Ni-2p (Ni-W), b Ni-2p 
(Ni-W-15Cu), c Cu-2p (Ni-W-15Cu), d O-1 s (Ni-W), e O-1 s (Ni-W-15Cu), f W-4f (Ni-W) and g W-4f (Ni-W-15Cu)
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The passivation behavior exhibited by the Ni-W 
alloy coating can be ascribed to the formation of Ni(OH)2 
on the coating which breaks at anodic potential > 0.28 V 
(vs SCE), leading to dissolution of the coating. In an ear-
lier study, Onyeachu et al. [39] have reported that the NiO, 
formed as a passive layer on Ni metal surface, may behave 
as the preferred site for the adsorption of  H2O and convert 
to Ni(OH)2 by the reaction:

However, it is quite interesting to note that such a 
phenomenon is not observed in case of the Ni-W-15Cu 
alloy coating as the XPS spectrum from its corroded sur-
face does not show any evidence for the development of 
Ni(OH)2 and reveals the existence of NiO as the corrosion 
product (Fig. 11b).

Casciano et al. [41] have reported the possible reaction 
pathway for the oxidation of W to  WO4

2− in the anodic 
potential regime according to the equation:

The formation of  WO4
2− results in the depletion of W 

from the Ni-W alloy coating and joins the NaCl solution 
in the form of  Na2WO4, which is soluble in the aqueous 
medium. The W-4f peaks in the XPS spectrum from the 
Ni-W alloy coating (Fig. 11f) does not exhibit any evidence 
for the presence of  WO3, which further confirms the obser-
vation of the oxidation of W to  WO4

2− followed by its dis-
solution in the NaCl solution. However, the XPS spectrum 
from the Ni-W-15Cu alloy coating as depicted in Fig. 11g 
indicates the formation of mixed nickel-tungsten oxide 
 (NiWO4), which may have followed the possible reaction 
pathways for the oxidation of W to  WO2 and subsequent 
oxidation to form  WO3 according to the Eqs. (7) and (8), 
probably due to the formation of  Cu2O and NiO as corrosion 
products instead of Ni(OH)2 that is observed in case of the 
Ni-W alloy coating.

Benaicha et al. [42] have reported superior anti-corrosion 
property of Ni-W alloy containing high W concentration 
because of the creation of a mixed NiO-WO3 passive film 
on the coating.

The cathodic reaction occurring on the Ni-W-15Cu 
alloy coating in contact with the NaCl solution is represented 
by the oxygen reduction reaction as follows [43]:

(5)NiO + H
2
O → NiO.H

2
O → Ni(OH)2

(6)W + 4H
2
O → WO

2−
4

+ 8H
+ + 6e

(7)W + 2H2O → WO2 + 4H+ + 4e

(8)WO2 + H2O → WO3 + 2H+ + 2e

(9)O2 + 2H2O + 4e− → 4OH−

The anodic oxidation reaction in the NaCl solution takes 
the path of the sequence of preferential dissolution of Cu to 
generate  CuCl2

− followed by its hydrolysis to form  Cu2O 
layer on the surface, which can be explained by the reactions 
as follows [44, 45]:

3.8  Mechanism of protection

Qualitative examination of the corroded surface of the Ni-W 
alloy (Fig. 8a and b) as well as the sub-surface locations 
show the presence of considerable porosity. On the other 
hand, the corroded surfaces on the Cu-containing alloys 
exhibit little or no porosity (Fig. 8c–f) whereas the subsur-
face locations have pores, which are finer in size compared 
to those in the Ni-W alloy. The results of XPS as shown in 
Fig. 11b, c and g show the evidence for the formation of 
 Cu2O in addition to NiO and  NiWO4 in the corroded surface 
film of Ni-W-15Cu alloy. In contrast, the XPS spectra of the 
corroded surface of the Ni-W alloy show evidence for the 
formation of Ni(OH)2. The formation of an adherent and 
protective film on the surface enriched in  Cu2O has restricted 
the penetration of the  Cl− ions along with the degradation 
of the underneath alloy. Such mechanism of passivation by 
formation of the adherent  Cu2O film has been also proposed 
for the Cu-Ni alloys in an earlier study [46].

As pointed out by the point-defect based theory, the initial 
pitting reaction occurring at film-solution interface involves 
the adsorption of  Cl− ions into  O2− vacancies [47]. There-
fore, to maintain the charge neutrality, an equivalent num-
ber of cation vacancies are formed by triggering the process 
of corrosion involving metal dissolution. In the regime of 
pitting-susceptibility of austenitic stainless steel, passiva-
tion has been achieved by the change in electronic property 
of the surface film from n-type to p-type [48]. As the  Cu2O 
is known to be p-type semiconductor with cation vacancies 
[46], its formation is expected to have a passivating effect 
by inhibiting the adsorption of  Cl− ions.

The presence of large porosities in the corroded surface 
film of the Ni-W alloy suggests that the layer of Ni(OH)2, 
which is known to have a limited passivating effect [39], is 
ruptured during exposure, permitting further degradation by 
penetration of  Cl− ions. The XPS profiles obtained from the 
corroded surface of the Ni-W alloy have not shown any peak 
of  WO3, which confirms that it is not stable and dissolves in 
the corrosive medium. It has been reported that W does not 
form any passive layer in NaCl environment, rather it oxi-
dizes to form tungstate ion  (WO4

2−), which combines with 
 2Na+ to form water-soluble  Na2WO4 [41]. Therefore, the 

(10)2Cu + 4Cl− → 2CuCl−
2
+ 2e−

(11)2CuCl−
2
+ 2OH−

→ Cu2O + H2O + 4Cl−
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formation of  NiWO4 in the corroded surface of the Ni-W-Cu 
alloy appears to be possible only due to the formation of a 
passive layer of  Cu2O. Probably, the formation of a stable 
ternary oxide,  NiWO4 along with  Cu2O, as well as reduced 
porosity in the surface film has together inhibited the for-
mation of  Na2WO4. Further, greater stability of  NiWO4 or 
its formation being promoted by the presence of  Cu2O may 
have inhibited the hydration of NiO to form the relatively 
more unstable layer of Ni(OH)2 on the corroded surface.

The observation made in this work regarding the corrosion 
property as a consequence of Cu addition is observed to be in 
agreement with the results of the earlier studies on addition 
of Cu in Ni-Co-Cr–Mo, Ni–Al, and Ni–Ti alloys [12, 49, 50]. 
Yang et al. [12] have reported that on adding 0–4 wt% Cu, the 
Ni-Co-Cr–Mo alloy exhibits improved corrosion resistance 
because of the development of a Cu-rich film on the outermost 
 Cr2O3 passive layer that has hindered the extensive release 
of Cr in the corrosive medium. For the Cu-Al-Ni alloy, the 
incorporation and segregation of  Ni2+ in the  Cu2O layer has 
a significant effect in stabilizing the barrier film and lowering 
the corrosion rate [49]. Iijima et al. [50] have reported that 
the addition of 5 wt% Cu to the Ni–Ti alloy has shifted the 
potential by 50–100 mV in the noble direction. In this study, 
the surface oxide film has been found as mainly composed 
of  TiO2, with metallic Ni and Cu being concentrated at the 
coating-oxide layer interface, because of which the release of 
Ni in the solution is found to be low. Moreover, in a study on 
the corrosion testing of a typical Ni–Ti-Cu coating, it has been 
reported by Craciunescu et al. [16] that the presence of Cu as 
alloying element contributes to the formation of a  Cu2O-rich 
layer, which decreases the pitting corrosion rate.

Based on the findings of the present study as well as earlier 
reports, it is well-established that the corrosion resistance of 
the pulse-electrodeposited Ni-W alloy coating is significantly 
improved on alloying with Cu. Therefore, it is important to 
state that the employment of Ni-W-Cu ternary alloy coating 
in place of Ni-W binary alloy may be a great option for anti-
corrosion applications.

4  Conclusions

The structural and anti-corrosion characteristics of the Ni-W 
and Ni-W-Cu alloy coatings, synthesized by pulse electrodepo-
sition technique, have been studied. The Cu content of the Ni-
W-Cu alloy coating is observed to scale with its concentration 
in the electrolytic solution. The crystallite size of the alloy 
increases whereas the micro-strain decreases as a result of the 
increase in Cu content of the alloy. Moreover, because of the 
rise in Cu content, the Ni-W-Cu alloy coatings show globular 
clusters of larger size, probably due to bigger crystallite size 
and segregation of Cu. Corrosion studies involving polariza-
tion study and EIS measurements have indicated that the cor-
rosion resistance of Ni-W alloy coating is enhanced with the 

addition of Cu and increase in its concentration. XPS analysis 
has revealed the development of a protective Cu-rich oxide 
barrier film on the Ni-W-Cu alloy coating, which inhibits fur-
ther coating-solution interaction and hinders the diffusion of 
 Cl− ions from the corrosive solution, resulting in considerable 
decline in corrosion rate compared to that observed in case of 
Ni-W alloy coating. It has been demonstrated in the present 
study that the alloying addition of Cu in Ni-W alloy coating 
has a significant effect in modifying both structure and mor-
phology along with improvement of the corrosion resistance.
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