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Abstract. The attractiveness of electroplating linked to cathodic current density (CD) has tried to exploit here to the
development of coatings of high corrosion resistance. Multilayer NiW alloy coatings of better anticorrosion performance
were electrodeposited from a tartrate bath by periodic pulsing of CD between two values, during the process of deposition.
The multilayer coatings of different configurations, in terms of composition and thickness of individual layers were
developed by proper modulation of amplitude and duration of the square current pulse, respectively. The deposition
conditions were optimized for best performance of the coatings against corrosion. Our experimental study revealed that
under optimal condition, multilayer NiW coating having (NiW)1.0/3.0/120 configuration is almost six times more corrosion
resistant than its monolayer coating, deposited from same bath for same duration. The reason for improved corrosion
performance in multilayer NiW alloy coating was explained in the light of effect of larger interfaces affected due to
layered deposition and confirmed by scanning electron microscopy analysis, energy dispersive spectroscopy and X-ray
diffraction study. The mechanism of corrosion responsible for its better performance, in relation to its monolayer coating
is given, and results are discussed.
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Introduction

Recent advances in nanostructured multilayer coatings have
been led by the development of new synthetic methods that
provide control over the number and composition of individual layers [1]. The use of periodically pulsed current
from high sensitive power source offers a facile, versatile
synthetic tool for nanostructured multilayer coatings, having special properties that are often impossible by conventional methods. This new class of materials, having
alternate layers of alloys of different composition/phase
structures, are called composition modulated multilayer
alloy (CMMA) coatings [2–5]. These coatings have layers
in nanometre scale, they are also called as nanolaminated
(NL) or simply multilayer coatings. The CMMA coating
may consists of thin layers of alloys of same metals, but of
different composition. They exhibit a wide range of applications owing to their unique technological properties,
different from those of both pure metals and their monolayer alloys. The basic physical phenomena associated with
periodic modulation of cathodic current density (CD) during deposition is responsible for the development of coatings in layered manner, instead of a homogeneous one. The
pulse electrodeposition method has a merit that it is possible
to control the composition and the layers thickness of

composition modulated multilayers in atomic scale by
varying the cathode CD (pulse amplitude), responsible for
composition change; and deposition time, responsible for
thickness of deposit [6].
Induced co-deposition is characterized by the deposition
of alloys containing metals, such as tungsten (W), molybdenum (Mo) or germanium (Ge). These metals cannot be
deposited from their aqueous solution by itself, but only in
conjunction with the deposition of another metals, like irongroup metals, namely Ni, Co and Fe [7]. Metals that stimulate deposition are called inducing metals, and the metals
which do not deposit by themselves are called reluctant
metals. Electrodeposition of Ni-based alloys of W, Mo and
Ge has taken importance due to their enhanced surface
performance properties [8]. Among them NiW alloy coatings are of considerable interest due to their wide range of
engineering applications. Further, Ni-based alloys or composites containing refractory metals are characterized for
good corrosion properties in many aggressive environments
and catalytic activities for hydrogen evolution [9,10]. There
are many reports on development of NiW alloy coatings by
electrodeposition from different baths, explaining the
induced type of co-deposition followed; and dependency of
deposit characters with bath composition and operating
parameters [11]. NiW alloy coatings electrodeposited using
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citrate and pyrophosphate baths are reasoned by their
unique combination of good corrosion resistance, tribological, magnetic and electrocatalytic behaviours. Sridhar et al
[12] have made an extensive literature review on the electrodeposition of NiW alloys to study the effect of Ni2?,
Cit3?, bath additives, applied CD, and bath temperature on
the Faradaic efficiency, W content, and properties of NiW
alloys deposited on stationary working electrodes. The
mechanical and corrosion properties of electrodeposited
NiW alloy coatings are reported to be increased substantially using the advent of multilayer coating technique [13].
Recently our group have reported the development of
multilayer NiW alloy coatings for improved corrosion
resistance from a citrate bath, using the benefit of modulation of mass transfer process at cathode film [14,15].

2.

Experimental

A new tartrate NiW bath consisting of potassium sodium tartrate
(KNaC4H4O64H2O), sodium tungstate (Na2WO42H2O),
nickel sulphate (NiSO46H2O), ammonium chloride (NH4Cl)
and glycine (NH2–CH2–COOH) has been proposed. Potassium
sodium tartrate is used as a complexing agent to enable the
induced type of co-deposition by approximating the deposition
potentials of Ni and W ions [16]. No detergents or wetting
agents, or brighteners were used. All reagents were individually
dissolved in double-distilled water and then mixed, and stirred
well for complete dissolution. The pH of the bath was adjusted to
8.5 using H2SO4 and (NH)4OH using Micro pH Meter (Systronics-362), before each electrodeposition. The composition
and processing parameters for deposition of a bright and uniform
coating of NiW alloy was optimized using standard Hull cell
method, described elsewhere [17]. Optimal conditions of the
proposed NiW bath is given in table 1.
All electrodepositions were carried out in a PVC cell of
200 ml in capacity, using high sensitive DC Power Analyser
(Agilent Technologies, N6705C, USA). Copper plates (7.5
cm 9 5.0 cm 9 0.2 cm dimension) were polished metallurgically to get mirror finish, and then degreased using
trichloroethylene as solvent. Anode and cathode were kept
parallel 5 cm apart during deposition. Pure graphite plate
having the same surface area as cathode was used as an
Table 1. Composition and operating parameters of the optimized
NiW tartrate bath.
Bath composition

Concentration
(g l-1)

NiSO46H2O
Na2WO42H2O
KNaC4H4O64H2O
NH4Cl
NH2–CH2–COOH

13.3
22.5
100.0
50.0
3.3

Operating parameters
pH: 8.5
Temperature: 303 K
Anode : graphite
Cathode: copper
CD : 1.0–4.0 A dm-2
Deposition time : 600 s

anode. All NiW alloy coatings (both monolayer and multilayer) were carried out galvanostatically on 3.0 9 3.0 cm2
active surface area (keeping other part insulated by cellophane tape) from bath (table 1). Prior to plating, polished
substrate was electro-cleaned, and pickled in 10% HNO3,
and then rinsed in distilled water. After deposition, the
coatings were rinsed thoroughly with distilled water several
times; dried in hot air, and then desiccated until further
testing.
Driven by the fact that there can be a significant
improvement in the corrosion performance of multilayer
alloy coatings, when coating is changed from monolayer to
multilayer type [18,19], multilayer or NL coatings of NiW
alloy were tried from the optimized bath (table 1). Multilayer NiW alloy coatings were deposited from optimized
bath using pulsed DC. The power patterns used for deposition of monolayer and multilayer NiW alloy coatings, and
their homogeneity are shown by a representative diagram in
figure 1. Simple DC was used for development of monolayer NiW alloy coating, as shown in figure1a, with the
homogeneity of coating shown on right. Multilayer NiW
alloy coating was developed, using pulsed current as shown
in figure 1b. Further, a rapidly pulsed current resulted in the
formation of almost homogeneous NiW alloy coating, as
shown in figure 1c. In this study, for convenience all
monolayer NiW alloy coating deposited at a particular CD.
‘x’ is represented as (NiW)x; and nano-laminated (NL)
coating having layers of alloys of different compositions are
represented as (NiW)1.0/3.0/n (where 1.0 and 3.0 indicate the
CCCD’s and ‘n’ is the number of layers, formed during total
plating time, i.e., 10 min).
All coatings (both monolayer and multilayer) reported
here are electrodeposited for 10 min at constant temperature
(303 K) and pH 8.5, for comparison purpose. The corrosion
behaviour of all coatings were evaluated in 3.5% NaCl
solution, as a representative corrosion medium. Potentiodynamic polarization and electrochemical impedance
spectroscopy (EIS) methods were used to measure their
corrosion tendency, in a three-electrode cell. After desiccator drying of the electroplated coatings, they are subjected
to electrochemical corrosion tests using potentiostat/galvanostat (VersaSTAT 3, Princeton Applied Research). All
Tafel’s studies were carried out in a potential window of
±250 mV from open circuit potential (OCP) at a scan rate
of 1 mV s-1. All NiW alloy coatings were subjected to EIS
study prior to potentiodynamic polarization (Tafel’s
method) study. All electrochemical potentials referred in
this study are with respect to saturated calomel electrode
(SCE). EIS study was carried out using 10 mV perturbing
AC voltage, in a frequency range of 100 kHz to 10 mHz,
and corresponding Nyquist plots were analysed, in terms of
their polarization resistance (RP) values. The surface morphology and formation of layers in NiW alloy coatings were
confirmed using scanning electron microscope (SEM, Zeiss
Ultra 55, Germany). Composition of the NiW alloy coatings
corresponding to different CD’s were analysed using energy
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Figure 1. Schematic representation of the current pulses used for electrodeposition of different NiW alloy coatings:
(a) direct current (DC) for monolayer alloy coating, (b) pulsed DC for multilayer alloy coating and (c) rapidly pulsed
DC lead to almost monolayer due to diffusion of layers.

Table 2.

Corrosion parameters of monolayer NiW coatings deposited at different CD’s from optimized tartrate bath.

CD
(A dm-2)

wt%
of Ni

wt%
of W

Thickness
(lm)

-Ecorr
(V vs. SCE)

icorr
(lA cm-2)

CR 910-2
(mm y-1)

1.0
2.0
3.0
4.0

81.1
85.6
86.6
90.1

18.9
14.4
13.4
9.9

4.6
5.2
6.4
7.1

0.311
0.324
0.346
0.329

15.25
21.81
27.94
41.48

14.89
21.86
27.30
42.61

dispersion X-ray spectroscopy (EDS) technique (Oxford
EDS, X-act). The composition-dependent crystal structures
of NiW alloy coatings were characterized by XRD (RigakuminiFlex 600), with CuKa radiation, k = 1.5418 Å, as the
X-ray source. The thickness of the coatings was calculated
from Faradays law, while verifying it using Digital Thickness Tester (Coatmeasure M&C, ISO-17025).

over entire CD due to inherent complex ions bath. The
electrodeposited monolayer NiW alloy coatings were subjected to compositional analyses, corrosion study and
thickness measurement, and all experimental data are
reported in table 2.

3.2
3.
3.1

Results and discussion
Electrodeposition of monolayer NiW alloy

Monolayer NiW alloy coatings were developed on copper
substrate at optimal CD range (1.0–4.0 A dm-2), using DC,
i.e., without pulsing the current as shown in figure 1a. The
coatings are found to be smooth, bright and hard adherent

Chemical composition

It may be noted from the composition and corrosion data,
shown in table 2, that wt% Ni in the deposit increased with
CD, and reaches its maximum (90.1 wt%) at 4.0 A dm-2. It
may be further noted that at 4.0 A dm-2 NiW coating
showed the highest corrosion behaviour. Therefore, in the
proposed tartrate bath, increase of active metal (Ni) content
increased the corrosion rate (CR) of the coating. It may be
noted that change in the metal content of NiW alloy with
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CD is insignificant, compared to other type of co-deposition. This characteristic behaviour of induced type of codeposition is attributed to the approximation of deposition
potentials of individual metal ions, due to addition of
complexing agent [7].
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supported by the fact that W content in the deposit
decreases with CD due to low overpotential for hydrogen
reduction compared to tungsten reduction, which results in
more cracks, and less W content in the deposit [21].

3.4
3.3

XRD study

Surface morphology

The surface appearance of each electrodeposited coating
was initially inspected visually, and checked for a satisfactory surface appearance. The surface micrographs of
NiW alloy coatings corresponding to different CD’s (from
1.0 to 4.0 A dm–2) were then examined under SEM, and are
shown in figure 2.
It may be observed that the smoothness of the coating
increased with CD, which ended up with the formation of
micro-cracks at a high CD. Micro-cracks, characteristic of
W-based alloy coatings were found on the surface, which
tended to increase with CD. The cracks were observed in
almost all coatings, and it may be due to the hydrogen
trapping inside the deposits during plating process. The
subsequent release of hydrogen that leads to high tensile
stress, followed to the development of cracks. It is the
characteristic of almost all NiW alloy coatings [20]. It is

The phase structure of monolayer NiW alloy coatings were
studied by XRD technique, and corresponding X-ray
diffractogram are shown in figure 3. It may be seen that
position of the intensity peaks remained same for all coatings, irrespective of the CD at which they are deposited.
This constancy of diffraction angles in XRD patterns of all
alloy coatings indicates that coatings form the solid solution
of individual metals [22].
Solid solutions are characterized by the fact that atoms in
the lattice of a metal are substituted by atoms of another
metal. This substitution changes the dimension of the unit
cell, without the change in the type of cell, and this substitution may occur either over a limited range of composition or over the complete range of composition from one
pure metal to the other [7]. Further, a gradual increase in the
intensity of peak and slight increase in diffraction angle was
found with increase in deposition of CD, as seen in figure 3.

Figure 2. Surface morphology of monolayer NiW alloy coating deposited at different CD’s from the optimized
tartrate bath.
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This shift of scattering angle to right may be attributed to
increase in the wt% Ni in the deposit with CD; supported by
the composition data, given in table 2.
Thus the corrosion study of electrodeposited monolayer
NiW alloy coatings, deposited at different CD’s from the
optimal bath, revealed that NiW alloy deposited at 1.0
A dm-2 represented as (NiW)1.0 is the most corrosion
resistant with having 18.9 wt% W.

3.5

Electrodeposition of multilayer NiW alloy coatings

Driven by the fact that a significant improvement in the
corrosion performance are possible when coating pattern is
changed from monolayer to multilayer type [23], multilayer
NiW alloy coatings were developed, using same optimal
bath (table 1), under different conditions of pulsed DC. In
other words, multilayer NiW alloy coatings of different
configuration, having layers of alternatively different compositions and thickness were developed by setting up the
power source to switch between two cathode CD’s. The
power patterns used for deposition of multilayer NiW alloy
coating, and their homogeneity are shown by a representative diagram in figure1b and c. It may be seen that a
multilayer coating, having clear demarcation between layers, were developed when current is pulsed in reasonable
time gap between CD’s, shown in figure 1b. However, when
current is made to pulse very rapidly, closely packed layers
were formed as shown in figure1c. It may be noted that in
the present study the CD is made to cycle (pulse) between
two values, and those CD’s are denoted conveniently as
cyclic cathode current densities (CCCD’s). This pulsed DC
coating should not be confused with conventional pulse

Figure 3. XRD patterns of monolayer NiW alloy coatings
deposited at different CD’s from optimized bath. The gradual
increase of scattering angle, shown by vertical perforated lines,
indicates the change in the composition of alloy with CD.
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plating, where the current reduces to zero for every cycle, as
explained in the literature [24]. The composition and
thickness of individual layers of multilayer coating were
altered, precisely and conveniently by cyclic modulation of
the CD’s and duration, respectively, i.e., NiW alloy coatings
having different wt% of W were coated, layer by layer by
pulsing the current.
3.5a Optimization of CCCD’s. The preliminary work on
electrodeposition and characterization of NiW alloy coating
showed that the proposed bath could be able to develop
coatings of different composition, morphology and phase
structure, as reported in table 1. The composition of NiW
alloy vary from 18.9 to 9.9 wt% of W over CD from 1.0–4.0
A dm-2. To enhance the anticorrosion performance of
monolayer NiW alloy coatings by multilayer approach,
multilayer NiW alloy coatings were deposited at different
sets of pulsed current densities. To optimize the CCCD’s for
development of the most corrosion-resistant coatings, they
are developed at three different sets of CCCD’s with 10
layers (chosen arbitrarily), and their corrosion performances
were evaluated. This procedure of coating at three different
sets of CCCD’s gives a provision to optimize the
composition of individual layers, for best configuration of
highest corrosion resistance.
The corrosion data reported in table 3 indicate that all
multilayer NiW alloy coatings show least CR compared to
its monolayer counterpart, deposited from same bath
(table 3). Further, among many sets of CCCD’s tried, the
least CR was observed in one set CCCD’s, i.e., at 1.0 and
3.0 A dm-2. This least CR of (NiW)1.0/3.0/10 configuration
indicates that its layers are of most optimal composition for
getting the highest corrosion resistance. Therefore, 1.0 and
3.0 A dm-2 have been selected as optimal CCCD’s
for further layering. It may be noted that multilayer
(NiW)1.0/4.0/10 coating showed almost same CR as that of
monolayer coating. This indicates that these CCCD’s are not
suitable for further layering as no effective compositional
modulation affected.
3.5b Optimization of number of layers. It is well-known
fact that many properties, including corrosion properties of
alloy coatings, can be improved by increasing interfacial
structures through multilayer technique. Hence, to take the
fullest benefit of this multilayer, NiW alloy coatings were
electrodeposited by considering 1.0 and 3.0 A dm-2, as
optimized CCCD’s of the bath. In other words, multilayer
NiW alloy coatings were developed by periodic pulsing of
the current between 1.0 and 3.0 A dm-2 to form coating of
desired number of layers. Accordingly, multilayer NiW
alloy coating having 10, 30, 60, 120 and 300 layers were
developed using the same bath, and their corrosion
behaviours were evaluated. Here, these numbers of layers
were conveniently chosen to examine the effect of
increasing the number of layers, within the limitation of
power source used.
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Table 3. Corrosion parameters of multilayer NiW alloy coatings having 10 layers of alloys of different compositions, deposited at
different current density from optimal bath.
Coating configuration

wt%
of Ni

wt%
of W

-Ecorr
(V vs. SCE

icorr
(lA cm-2)

CR 910-2
(mm y-1)

(NiW)1.0/2.0/10
(NiW)1.0/3.0/10
(NiW)1.0/4.0/10
(NiW)1:0Adm 2

83.3
83.8
85.6
81.1

16.7
16.2
14.4
18.9

0.262
0.285
0.257
0.311

8.52
4.51
14.56
15.25

8.42
4.44
14.63
14.89

3.6

Corrosion study

Potentiodynamic polarization and EIS methods were used
to study the corrosion behaviour of multilayer NiW alloy
coatings, and the experimental results are reported below.
3.6a Potentiodynamic polarization study. Potentiodynamic
polarization behaviour of multilayer NiW alloy coatings
having different number of layers were studied, and are
shown in figure 4. CRs were calculated by Tafel’s
extrapolation method. The corrosion data of multilayer
NiW alloy coatings, having different configurations, are
reported in table 4, along with the CR’s of (NiW)1.0, for
comparison purpose.
3.6b EIS study. EIS technique is a very powerful
technique to determine the electrical properties of
materials, and to understand the mechanism involved in
the kinetics of charge transfer process at electrode–
electrolyte interface [25]. In a typical EIS experiment
(Nyquist plot), the complex electrical impedance (Z) of a
sample is measured as a function of frequency over a wide
frequency range, typically several orders of magnitude; i.e.,
in range of kHz to mHz [26].

Accordingly, Nyquist plots of multilayer NiW alloy
coatings have different number of layers, as shown in
figure 5. Electrochemical impedance response clearly shows
that the value of polarization resistance (RP) increased
progressively with number of layers up to 120 layers, and
then decreased. The decreased diameter of capacitive loop
corresponding to (NiW)1.0/3.0/300 clearly indicates that corrosion protection of NL NiW alloy coating decreases at high
degree of layering.
The corrosion data reported in table 4 verify that anticorrosion performance of multilayer NiW alloy coating
increased with number of layers up to 120 layers, and then
decreased. The least CR corresponding to (NiW)1.0/3.0/120
configuration indicates that it is the optimal configuration
for best anticorrosion performance. As the total thickness of
multilayer (NiW)1.0/3.0/120 alloy coating is found to be about
6 lm, it may be estimated that the average thickness of
individual layers is in range of 50 nm. Hence, it may confirmed that best anticorrosion performance of multilayer
NiW alloy, or NL alloy coating is due to alternate layers of
alloys of different compositions, in nano-metre thickness.
Therefore, at high degree of layering no modulation in
composition is likely to happen. Therefore, at a higher
degree of layering, the multilayer NiW alloy coating tends
to become a monolayer. Therefore, the CR of the multilayer
coatings having 300 layers was found to be very high and
almost the same as that of the monolayer coating developed
at 1.0 A dm-2 (table 2).

Table 4. Corrosion data of multilayer NiW alloy coatings having
different number of layers deposited from the optimized bath.
Coating configuration

Figure 4. Tafel’s plots of multilayer (NiW)1.0/3.0 alloy coatings
having different number of layers deposited from optimized bath.

(NiW)1.0/3.0/10
(NiW)1.0/3.0/30
(NiW)1.0/3.0/60
(NiW)1.0/3.0/120
(NiW)1.0/3.0/300
(NiW)1:0Adm 2
Substrate

-Ecorr
(V vs. SCE)

icorr
(lA cm-2)

CR 910-2
(mm y-1)

0.285
0.257
0.308
0.278
0.260
0.311
0.495

4.51
3.80
2.53
2.46
4.94
15.25
37.24

4.48
3.77
2.51
2.44
4.91
14.89
43.31
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individual metals, affected due to complexing agent, range
of compositional modulation in alternate layers by pulsing
the CD is very small. This is supported by very narrow
compositional variation of monolayer coating with CD, as
reported in table 2.
Hence, it may be summarized that anticorrosion performance of multilayer alloy coating increased with number of
layers. However, on extreme thinning of layers (by
increasing the number of layers) anticorrosion performance
decreased, due to diffusion of layers. The optimal number
of layers for the best anticorrosion performance is a
function of bath, depending on the kind of chemistry
involved in it.

Figure 5. Nyquist plots of multilayer (NiW)1.0/3.0 alloy coating
having different number of layers deposited from the optimized
bath.

In other words, multilayer coatings tend to become
monolayer. However, the increase of CR at high degree of
layering, i.e., at 300 layers corresponding to (NiW)1.0/3.0/300
coating may be attributed to the diffusion of layers [27]. It
may be explained as follows: as larger numbers of layers are
allowed to form in same time duration, the time for the
deposition of each layer, for example, (NiW)1.0/3.0 is small
(as total time for deposition remains same, 10 min). Owing
to short pulse duration (2 s), there is no sufficient time for
metal ions (Ni?2 and WO4-2) to relax (against diffusion
under applied CD) and to deposit on the cathode with a
distinct interface. Consequently, multilayer coatings tend to
become a monolayer; and shows same anticorrosion performance as monolayer one. This situation of development
of coating in monolayer (homogeneous) pattern at higher
degree of layering is shown diagrammatically in figure 1c. It
may be seen that when power source is made to pulse very
rapidly, the alloy coating takes place with no demarcation
between layers, for the reason as explained earlier.
It is important to note that against to our earlier reports
[3,21], in present tartrate bath optimal number of layers for
best performance of NiW alloy coating is only 120 layers.
This early attainment of homogeneity of the multilayer
coating is due to the inherent limitation of induced type of
co-deposition, prevailing in the bath. This is originated by
the use of complexing agent (KNaC4H4O64H2O) in the
bath, which enabled the co-deposition of Ni and W. The
complexing agent does form a complex with the ions of the
electrolyte, and accordingly bring the electrode potential
value of Ni and W more closely. In other words, complexing agent approximates (getting closer) electrode
potentials of the different metals by converting the simple
ions of more noble metal into complex ions with lower
potential; and thereby prevents the immersion deposition
and improve the nature of deposit [7]. Therefore, due to
narrow potential window of deposition potentials of

3.7 Comparison of corrosion behaviour of monolayer
and multilayer NiW alloy coating
The anticorrosion behaviour of monolayer (NiW) and
multilayer (NiW) alloy coatings (deposited under optimal
conditions) are compared with that of uncoated copper
(substrate), through Tafel’s and impedance responses, and
are shown in figure 6. It may be noted from both Tafel and
impedance behaviours, that (NiW)1.0 alloy coating (monolayer) is more corrosion resistant than the substrate; and
(NiW)1.0/3.0/120 alloy coating (multilayer) is still more corrosion resistant compared to its monolayer counterpart. It is
supported by the change of icorr value and Ecorr values (in
Tafel’s plot), and charge transfer resistance (Rct) value in
the case of impedance plot.
The Nyquist plots shown in figure 6b testimonies that
(NiW)1.0/3.0/120 alloy coating has far better corrosion stability compared to both substrate and monolayer (NiW)1.0
alloy coating. The actual CR’s corresponding to substrate,
monolayer (NiW)1.0 and multilayer (NiW)1.0/3.0/120 alloy
coating, under optimal conditions are given in table 4. Thus
it may be inferred that under optimal condition, multilayer
NiW alloy coating is about six times more corrosion
resistant than its monolayer coating, deposited from same
bath for same duration.

3.8

SEM study after corrosion

To confirm the development of coating in layered fashion,
and to examine the reason responsible for better anticorrosion performance of multilayer coatings, electrodeposited
coatings after corrosion test were subjected to SEM study.
The coatings having (NiW)1.0 and (NiW)1.0/3.0/120 configuration were made to corrode by subjecting it to the anodic
polarization at ?250 mV vs. OCP in 3.5% NaCl solution.
The corroded specimen was washed with distilled water,
then examined under SEM. The surface morphology of
monolayer (NiW)1.0 and multilayer (NiW)1.0/3.0/120 alloy
coatings, after corrosion test are shown in figure 7. It may
be seen that in the case of monolayer (NiW)1.0 alloy coating
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Figure 6. Comparison of anticorrosion behaviour of multilayer (NiW)1.0/3.0/120 alloy coating with those of
monolayer (NiW)1.0 alloy coating and substrate through: (a) Tafel’s plots and (b) Nyquist plots.

corrosion has taken place uniformly, with no discrimination
as shown in figure 7a. However, in the case of multilayer
(NiW)1.0/3.0/120, corrosion has taken place non-uniformly,
where electrolyte attacked the coating layer by layer as
shown in figure 7b. The possibility of better anticorrosion
performance of multilayer coating is due to alternate layers
of alloys having composition corresponding to (NiW)1.0 and
(NiW)3.0 coatings. It may be seen that top ending layer
corresponding to (NiW)3.0, having 13.4 wt% W gets corroded easily, but it is retarded in next layer corresponding to
(NiW)1.0, having 18.9 wt% W. Thus a small change in wt%
W content in alternate layers of alloy is responsible for
delayed corrosion of multilayer coatings. As a whole, the
protection efficacy of multilayer (NiW)1.0/3.0/120 coatings is

(a)

due to the barrier effect of layer having high wt% W
(18.9%) and sacrificial effect of layer having low wt% W
(13.4%).
It is well known that successful synthesis of multilayer
coatings lies in development of coatings having clear
demarcation between layers, in terms of their surface
morphology, composition and phase structure [23]. In this
regard, figure 8 depicts a model of multilayer coating
having four layers of alloys, in which two layers of same
compositions are alternatively layered. Referring to present
study, it may be seen that layers labelled as 1, 3 are corresponding to monolayer (NiW)1.0, having same composition and phase structure; and layers labelled as 2, 4 are
corresponding to monolayer (NiW)3.0, having same

(b)
(NiW)1.0 Adm-2layer

18.9 wt.% W

(NiW)3.0 Adm-2 layer
13.4 wt.% W

Delayed corrosion
due to alternate
composition

Figure 7. SEM image of electroplated NiW coatings after corrosion test displaying: (a) uniform dissolution of
monolayer coating, and (b) selective dissolution of alternate layers responsible for delayed corrosion in NL coating.
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composition and phase structure, as may be seen in figure 8.
However, surface morphology, composition and position of
XRD peaks of two consecutive layers are different, as seen
in figure 8, which is responsible for the development of
phase boundary between layers. Hence, it is important to
note that discrete phase boundary between layers (1, 2, 3
and 4), affected due to pulsing of current during deposition,
is responsible for improved anticorrosion property of multilayer coatings. Thus, the compositional modulation from
layer to layer is the pre-requisite for delayed corrosion of
the multilayer coating.

3.9

Mechanism of corrosion

It is a well-known fact that the analysis of EIS spectra is not
straightforward. An effective approach is to fit the data
using equivalent circuit models. Any electrochemical
interface (or cell) can be described in terms of an electric
circuit, which is a combination of resistances, capacitances
and complex impedances (and inductances, in the case of
very high frequencies) [28]. If such an electric circuit produces the same response as the electrochemical interface (or
cell) does when the same excitation signal is imposed, it is
called the equivalent electric circuit of the electrochemical
interface (or cell). Thus, EIS data-fitted equivalent circuit

Page 9 of 11

84

model gives valuable information about the chemical processes, and charge transfer reactions involved at the electrode–electrolyte interface. The equivalent circuit model is
the most powerful approach to predict the kinetics of CR.
To understand the reason responsible for improved corrosion protection of multilayer NiW alloy coating having
configuration (NiW)1.0/3.0/120 (optimal), the simulation of its
impedance spectrum was made. A perfect fitment of the
experimental and simulated impedance spectrum (Nyquist
plot) was found, as shown in figure 9. The electrochemical
equivalent circuit, shown in the inset of figure 9, clearly
indicates that the highest corrosion protection of multilayer
NiW alloy coating (optimal) is due to the electrochemical
interface between the coating and the corroding medium. It
may be seen from the electrochemical equivalent circuit
(shown in the inset of figure 9) that electrode–electrolyte
interface is consisting of resistors (R), capacitors (C) and
constant phase element (Q), distributed in complex way.
The highest corrosion resistance of (NiW)1.0/3.0/120 alloy
coating may be attributed to the presence of Q originated
from the inhomogeneity of alloy coating, due to effect of
layering.
Thus, the better anticorrosion performance of multilayer
NiW alloy coatings in relation to its monolayer alloy
coating was attributed to the selective dissolution of layers
of different compositions, as envisaged by [24,27]. The

Figure 8. A model multilayer diagram showing two alternate layers of (NiW)1.0 and (NiW)3.0
alloys, with their surface morphology, composition and XRD peaks (overlaid).
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Figure 9. Simulation of impedance spectrum of multilayer NiW
alloy coating (optimal) showing the highest corrosion resistance,
and its electrochemical equivalent circuit in the inset.

mechanism of the corrosion protection in case of multilayer
coatings, in relation to in monolayer alloy coating, can be
explained by a pictorial representation shown in figure 10.
Electrodeposited NiW alloy coating are considered to
have different degree of homogeneity depending on the
type of current pulses used. In case of monolayer NiW
alloy coating, represented as (NiW)1.0, the coating being
homogeneous or non-nanostructured, corrosion occurs
unabatedly and electrolyte (corrosion medium) reaches the
substrate very quickly, as shown in figure 10a. However,
in the case of multilayer coating developed under optimal
condition, represented as (NiW)1.0/3.0/120, owing to the
presence of well-defined phase boundaries between layers,
the electrolyte spreads both laterally and vertically, as
shown in figure 10b. Due to multilayer structure, the
lower layer will come in contact with the electrolyte only
after the destruction of top layers (figure 10b) and the
corrosion spreads over the interface latterly, and process
continues layer after layer. Consequently, substrate will
get exposed to the corrosion medium only after the
destruction of all layers and hence the corrosion occur
slowly compared to monolayer coating. The increase in
anticorrosion performance of multilayer coating with
number of layers, of course up to certain numbers is due
to increase in the number of interfaces formed due to
layering.
Thus, it may be concluded from figure 10b that the time
required for the electrolyte to reach the substrate by penetrating through the multilayer coating is much greater than
that through the monolayer coating. However, multilayer
coating electrodeposited under condition of rapid pulsing of
DC, the layers are so thin that diffusion of multilayer layers
take place, as shown in figure10c, This situation make the
multilayer coating to turn into monolayer one, with no
better corrosion protection value than monolayer. This is

Figure 10. Representative diagram showing the mechanism of
corrosion in NiW alloy coatings, deposited under different
conditions: (a) direct attract of the substrate in monolayer coating,
(b) delayed corrosion due to layered structure of coating, and
(c) direct attack of coating due to diffused layers.

supported by observed high CR value of multilayer NiW
alloy coating having configuration, (NiW)1.0/3.0/300.

4.

Conclusion

In the pursuit of development of good anticorrosive alloy
coating, a NL multilayer NiW alloy coating was developed
from a tartrate bath using square current pulses.
Experimental results of investigation has evidenced the
following facts:
1. Multilayer NiW alloy coatings have been developed
from a single bath by periodic modulation of CD, during
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2.

3.

4.

5.

6.

7.

process of deposition. The composition and thickness of
alternate layers can be controlled by proper modulation
of CD’s (pulse amplitude) and duration of pulse (time),
respectively.
The corrosion stability of multilayer NiW alloy coatings
were found to be increased with degree of layering up
to one level; and then decreased due to diffusion of
layers.
The improved corrosion performances were attributed to
the increased number of interfaces, affected due to
formation of layers of alloys having low and high W
content, due to pulsed CD during deposition.
Under optimal condition, multilayer NiW alloy coating,
having (NiW)1.0/3.0/120 configuration is approximately six
times more corrosion resistant than its monolayer
coating, deposited from the same bath for same duration.
Early attainment of homogeneity of multilayer NiW
alloy coating, with only 120 layers may be attributed by
the limitation of complexing agent used in the bath.
Increase of CR of multilayer NiW coating at higher
degree of layering (after 120 layers) is due the diffusion
of layers, as no significant compositional change of
individual layers are likely to happen due to rapid change
of CD’s.
SEM study of corroded surface of monolayer and
multilayer NiW alloy coating demonstrated that the
better corrosion performance of multilayer coating is due
to selective dissolution of alternate layers of alloys,
having low and high W content. In other words, due to
lack of compositional modulation.
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