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Abstract

Nanocrystalline and amorphous Ni—-W coatings containing Al,O5 nanoparticles were electrodeposited from three different ammoniacal citrate
baths by direct current (DC) method. The effects of nanoparticles on compositional, structural and morphological features of Ni-W coatings were
investigated. The effects of bath chemical composition and current density on codeposition behavior of nanoparticles were also studied.
Guglielmi model for particle deposition was applied to identify the kinetics of particle deposition. The presence of nanoparticles may affect on
coating grain size, tungsten content and the rate of metal deposition. In addition, nanoparticles can result in more compact coatings with fewer
defects. The extent of these effects depends on bath chemical composition and may be influenced by the synergistic effect of Ni on deposition of
W. It was also found that the kinetics of particle deposition and the effect of current density on codeposition behavior of nanoparticles are highly

dependent on bath chemical composition.
© 2013 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Ni—W alloy coating has potential corrosion, wear and high
temperature resistant properties. Therefore, in recent years, it has
been proposed for a variety of applications such as environmen-
tally safe substitute for hard chromium coating or a high
temperature coating for bearings, plungers and dies [1-7].

This alloy coating is obtained from citrate baths with or
without ammonium ions that contain tungstate and nickel ions.
Deposition of this coating occurs through a series of compli-
cated reactions that according to Brenner [§] has been called
“induced codeposition”. This is due to the fact that tungsten
cannot be electrodeposited alone and, in fact, iron group metals
such as Ni, Fe and Co can induce the deposition of W and the
result will be an alloy. Several mechanisms have been
suggested to explain this process. Younes et al. [1,2] proposed
that the mixed metal complex of [(Ni)(HWO4)(Cit)]2_ can
form in the bath from which the solid solution of tungsten in
nickel can be formed, and deposition of nickel can also
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proceed from its complexes with ammonium or Ccitrate.
Podlaha and Landolt [9,10] have studied the induced codepo-
sition of Ni-Mo alloy, which is claimed to have a similar
behavior as Ni-W alloy [8]. They believe that the precursor for
the deposition of the Ni-Mo alloy is an adsorbed intermediate
of the form [NiCit(Mo0O,)],qs Which can be reduced to allow
Mo deposition and the reduction of Ni ions follows an
independent path. Many other mechanisms have been also
suggested that are available in the literature [10,11]. The
common facts in all the proposed mechanisms is the synergis-
tic effect of iron-group metals on deposition of W and Mo and
that an increase in ammonium and nickel ion concentrations
and a decrease in tungstate or molybdate and citrate ion
concentrations will boost the rate of alloy deposition.

It is well known that incorporation of micro- or nano-sized
carbides and oxides into coatings can enhance their hardness,
corrosion, and wear properties [12—20]. This method has been
also expanded into Ni-W electrodeposits and in recent years
several works have been reported on Ni-W composite coatings
with embedded nano- or micro-sized particles. Yao et al. [21]
deposited SiC nanoparticles into the Ni-W matrix and an
improvement in microhardness, corrosion and wear behavior
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of the coating was observed. Boonyongmaneerat et al. [22]
claimed that the addition of WC particles to the nanocrystalline
Ni—W increases its hardness to a value comparable with that of
hard chromium coating. Han and Lu embedded CeO, [7] and
CeF; [23] nanoparticles into the Ni—-W coating and have
improved high temperature friction behavior and corrosion
resistance of the Ni-W coating against molten glass. Hou and
Chen [24] have reported that incorporation of Al,O3 nanopar-
ticles slightly increased the microhardness of the Ni—W matrix,
while the improvement of its tribological properties was
remarkable.

The aforementioned studies on Ni-W composite coatings
have not illuminated the way by which nanoparticles can affect
compositional, structural and morphological features of differ-
ent Ni-W coatings that have been deposited from different
baths. The purpose of this study was to identify these effects,
and more importantly, to understand how different bath
chemical compositions can kinetically affect the codeposition
behavior of nanoparticles with the Ni—-W matrix. The most
widely accepted model for the kinetics of deposition of inert
particles from electrolytic baths has been proposed by Gul-
glielmi [25], whose interpretation is based on a two-step
adsorption mechanism. According to the author, the first step
is assumed to be substantially physical in character which
produces a layer of loosely adsorbed particles on the surface.
The second step is electrochemical in character and results in a
strong adsorption of the particles that will be gradually
submerged by the growing metal.

Knowledge of the kinetics of particle deposition and the
mechanism of Ni-W deposition helps in better understanding
of compositional, structural and morphological characteristics
of the nanocomposite Ni-W coatings. This, in turn, can shed
more light on studying the protective properties of nanocom-
posite Ni-W coatings, which is the subject of our future
studies.

2. Materials and methods

Ni—W alloy coatings containing Al,O5; nanoparticles were
electrodeposited by direct current electrodeposition method.
Electrodepositions were done in three baths made of reagent
grade materials dissolved in distilled water. The chemical
composition of the electrodeposition baths is presented in
Table 1. In addition, Al,O3 nanoparticles in the concentrations
of 0, 1, 2.5, 5 and 10 g/ were added to the baths. Sodium
lauryl sulfate (SLS) was added to each bath as a surfactant to
reduce the agglomeration of Al,O; nanoparticles and to

Table 1
Chemical composition of the electrodeposition baths.

Bath NISO4 B 6H20 N3.2WO4 . 2H20 C5H307 . Hzo NH4C1 SLS

(mol/L) (mol/L) (mol/L) (mol/L)  (g/L)
Bath 1 0.076 0.2 0.45 0.1 1
Bath 2 0.076 0.2 0.45 0.7 1
Bath 3 0.176 0.1 0.45 0.7 1

facilitate the release of hydrogen gas. NaOH was also added
to the baths to neutralize citric acid and increase the pH of
solutions to 8.

The cathode electrodes were steel plates of 20 mm x 20 mm
dimensions that were polished with SiC abrasive paper up to
2000 grit, following an ultrasonic cleaning in acetone. The
specimens were degreased in hot alkaline solution of 40 g/L
NaOH and then activated in an acidic solution of 10% H,SO,
just prior to immersion in electrodeposition bath. The speci-
mens were rinsed with distilled water between each prepara-
tion step. The anode electrode was pure nickel and the ratio of
anode to cathode surface area was kept high enough to prevent
any probable polarization of the anode and the resulting ohmic
drop between the two electrodes. The applied current density
was 40 mA/cm? in all experiments. The current densities of 10,
20 and 30 mA/cm® were also employed in those experiments
that were intended to investigate the effect of current density.
The bath temperature was fixed at 60 °C and stirring was done
by a magnetic stirrer at a constant speed of 150 rpm.
Electrodeposition was done for 1 h.

Surface morphology of the coating was characterized by
Mira TESCAN field emission scanning electron microscope.
The coating thickness was determined by analyzing the cross-
section of the coated plate by Vega TESCAN scanning
electron microscope. Coating composition was determined by
energy-dispersive X-ray spectroscopy (EDS). The structural
analysis of the coatings was performed by X-ray diffraction
method (XRD, Philips, X'pert, The Netherlands), by using
Cu-K, radiation and scanning in the 260=20-80° range. In
addition, the XRD patterns were used to calculate the average
grain size of the coatings using the well-known Sherrer
formula.

To calculate baths faradic efficiency (FE) the weight of each
specimen was measured before and after plating and Eq. (1)
was used:

FE =W /It Scin;F /BM; x 100 (1)

where W is the weight of the deposit (g), / is the current passed
(A), t is the deposition time (h), c; is the weight fraction of the
element (either nickel or tungsten) in the binary alloy deposit,
n; is the number of electrons transferred in the reduction of
1 mol atoms of that element (n;=2 for nickel and 6 for
tungsten), M, is the atomic weight of that element (g/mol), F is
the Faraday constant (96,485.3 C/mol) and B is a unit
conversion factor (3600 C/Ah). It was assumed that the
nominal weight of embedded nanoparticles does not affect
the credibility of the equation.

3. Results and discussion

3.1. General properties of the coatings and their tungsten and
Al O3 content

Visual observation of the samples showed that uniform and
crack-free coatings were obtained from all electrodeposition
baths. Shiny silver, dark gray and ivory colored coatings were
the plating results from baths 1, 2 and 3, respectively. The
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coatings obtained from all electrodeposition baths were very
uniform in thickness; Fig. 1 displays a typical image from
cross sectional view of a coating obtained from bath 2. Table 2
presents coatings thickness and faradic efficiency of deposi-
tions. Figs. 2 and 3 depict tungsten content of the Ni-W matrix
and the weight percentage of Al,O; in the coatings obtained
from baths 1, 2 and 3 as a function of Al,O53 concentration in
the bath, respectively. A detailed discussion on Fig. 3 is
presented in Section 3.4.

The values given in Table 2 and Fig. 2 make it easy to
discern the synergistic effect of iron-group metals on deposi-
tion of W. Large variations in bath chemical composition, by
changing the electrodeposition bath from 2 to 3, caused the
tungsten content of the coating to just change from 19 to about
14.5 at%. Even though the amount of tungstate ions were
decreased dramatically, an increase in the nickel ions assisted
the deposition of W. This phenomenon prevented a serious
drop in the tungsten content of the coating; i.e. the synergistic
effect became more pronounced. Moreover, this fact together
with an increase in coating thickness showed that both nickel
and tungsten were deposited with higher rates from bath 3.
Considering the fact that ammonium ion is a strong complex-
ing agent for nickel, with a change in bath chemical composi-
tion from 1 to 2 one expects both a major drop in coating

Coating
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SEM MAG: 5.00 kx WD: 10.7818 mm
HV: 15.0kV DET: SE Detector

Fig. 1. Cross sectional view of a coating obtained at current density of 40 mA/cm®
from bath 1 with Al,O5 charge of 1 g/L.

Vega ©Tescan

Table 2
Coatings thickness and depositions faradic efficiency.

Deposition ~ Bath Bath 1 Bath 2 Bath 3

current Al,O3

density charge  Coating FE Coating FE Coating FE

(mA/em®)  (g/L) thickness (%) thickness (%) thickness (%)
(nm) (nm) (nm)

40 0 8 257 9 27.0 22 57.2

40 1 7.5 24 9 26.8 22 57.2

40 2.5 7 222 85 253 22 56.9

40 5 6.5 21.5 85 247 22 57.3

40 10 6.5 206 8 22.6 22 56.9

30 1 5 20.7 5.5 209 14 48

20 1 2.5 16.8 3 173 8 41.6

10 1 1 145 1.5 159 3 31.9
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Fig. 2. The effect of nanoparticles on W content of the Ni-W matrix. The
numbers show the atomic percent of W.
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Fig. 3. ALLO; content of the coatings as a function of Al,O; concentration in
the electrodeposition bath.

tungsten content and a remarkable increase in bath faradic
efficiency and coating thickness. However, the drop in the
tungsten content was accompanied by a modest increase in the
bath faradic efficiency and coating thickness. This may be due
to an increase in hydrogen evolution reaction that restricted
metal deposition [26].

It was found that an increase in the amount of nanoparticles
in baths 1 and 2 caused a decrease in the bath faradic efficiency
and coating thickness. This may be attributed to the presence
of nanoparticles which made it difficult for metallic ions to
diffuse through the electrolyte and reach the cathode. Corre-
spondingly, it might reduce the rate of metal deposition. This
effect was less significant for bath 2, since higher concentra-
tions of ammonium salt means the presence of more com-
plexes of ammonium with nickel ions and as a result, an
improvement in ionic diffusion. This prohibitive effect of
nanoparticles in electrolytic baths is also reported by other
workers [12,13,22]. A decline in ionic diffusion may also
cause a decrease in tungsten content of the alloy. According to
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Younes et al. [1] and Obradovi¢ et al. [26] increasing the
electrolyte stirring rate, i.e. improving ionic diffusion, raises
the tungsten content of Ni—-W electrodeposits. Therefore, a
decrease in tungsten content of coatings obtained from baths 1
and 2 may be due to a decline in ionic diffusion. However,
these effects were not observed for coatings obtained from
bath 3. This may be due to the higher concentrations of
depositing ions together with the aforementioned synergistic
effect which facilitate the diffusion of ionic complexes that
make the deposition of nickel and tungsten possible.

3.2. XRD analysis and coatings grain size

Fig. 4 presents typical XRD patterns for the coatings
obtained from baths 1, 2 and 3. The XRD pattern for the
coating obtained from bath 1 shows a single broad peak,
namely a halo, which is indicative of amorphous nature of the
material. On the other hand, the XRD patterns for both
coatings obtained from baths 2 and 3 show four peaks. Three
of these peaks occurred at 26 angle of 43°, 51° and 74° which
were at slightly lower diffraction angles with respect to the
peaks of pure nickel (PDF no. 4-0850). This signifies the
formation of solid solution of tungsten in nickel and the peaks
can be ascribed to (111), (200) and (220) planes of the FCC-
Ni—W, respectively. There is another peak in these patterns at
26 angle of ~41.4°, where its intensity was dramatically
affected by the change in bath chemical composition. It seems
it belongs to a highly textured phase, since at least over the
whole range of 26 angles it was occurred alone. This peak does
not match with any known phases and it is believed to be for a
nonstochiometric tungsten oxide or carbide (because of the
presence of carbon from citrate ions in the bath) [4,21,22].
Since the intensity of this peak was negligible for the coating
obtained from bath 3, the Ni-W matrix of the coating obtained
from this bath can be assumed to be a single-phase structure.

The addition of nanoparticles to the baths did not affect the
coatings in terms of phase and their texture and a typical XRD
pattern for the coating deposited from either bath is represen-
tative of the behavior for the other plated samples obtained
from that bath. However, the average grain size of the coatings
obtained from XRD patterns indicated that incorporation of
nanoparticles caused a decrease in the average grain size of the
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Fig. 4. Typical XRD patterns. Patterns 1, 2 and 3 are for coatings obtained
from baths 1, 2 and 3, respectively. Al,O3 charge of the baths is 5 g/ and
electrodeposition current density is 40 mA/cm®.
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Fig. 5. The effect of nanoparticles on the average grain size of the Ni-W
matrix.

coatings obtained from bath 3 (Fig. 5). The embedded
nanoparticles can provide more active sites for crystal nuclea-
tion and hence restrict the growth of crystallites which in turn
causes a decrease in the average grain size [12,13]. This effect
was not pronounced for the coatings obtained from bath 2.
According to Detor and Schuh [27], the incorporation of
tungsten in nickel deposit reduces the coating grain size,
therefore the effect of embedded nanoparticles might be
compensated by the adverse effect of tungsten degrease in
the coating. The absence of Al,Oj3 peaks in the XRD patterns
is an indicative of low volume fraction for the embedded
nanoparticles.

3.3. FESEM analysis and detection of nanoparticles

Fig. 6 shows the surface morphology of a coating obtained
from bath 1 with Al,O5 charge of 5 g/L.. As it was mentioned, the
XRD analysis proved this coating to be amorphous. The
cauliflower-like appearance of the coating, which is typical of
amorphous materials [28], endorses the XRD analysis. The high
amount of tungsten distorted Ni crystals and caused a short-range
structural order. The presence of nanoparticles did not affect the
surface morphology of the amorphous coating and it was identical
to the one without nanoparticles. Similar result was reported for
an amorphous Ni—P coating where nanoparticles left the surface
morphology of the amorphous coating unchanged [29].

Fig. 7a exhibits the surface morphology of a coating
obtained from bath 2 with Al,O3 charge of 5 g/L.. The same
morphology was observed by other workers for the Ni-W
coatings free of nanoparticles [6,30]; however at this magni-
fication no detailed information can be obtained. Higher
magnification microscopy revealed that the surface had an
inhomogeneous morphology (Fig. 7b). The surface consisted
of spherical nano-sized grains; meanwhile in some parts a
more different morphology with a very strong texture was
observed which may belong to an unknown phase that was
detected by the XRD analysis. It has been reported that the
unknown phase grows on the surface of FCC-Ni-W [31].
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Fig. 6. Surface morphology of the coating obtained at current density of
40 mA/cm? from bath 1 with Al,O5 charge of 5 g/L.

Because of high level of surface inhomogeneities it was
difficult to identify the effect of nanoparticles on surface
morphology of the coatings obtained from bath 2. In addition,
nanoparticles may not bring any noticeable change to the
highly nonuniform surface of these coatings. However, this
was not true for the coatings obtained from bath 3, where the
addition of nanoparticles modified the surface of these coat-
ings. Fig. 8a and b demonstrates the surface morphology of the
coatings obtained from bath 3 with Al,O3 charges of 0 and 5 g/L,
respectively. It can be seen that a coating with embedded
nanoparticles is more compact with fewer defects and microcracks
than the one without any nanoparticles. Since, nanoparticles can
act as sites for crystal nucleation, their even distribution can lead
to a more uniform coating [14,15]. The even distribution of Al,O5
nanoparticles was confirmed by elemental mapping of Al, its
result is presented in Fig. 9. This figure verifies the presence of Al
in the coating and shows that Al,O; nanoparticles were dis-
tributed in the Ni-W matrix.

3.4. Kinetics of particle deposition

The weight percentage of Al,Oj3 in the coating as a function
of Al,O5 concentration in the bath is shown in Fig. 3. For bath
1, addition of nanoparticles up to 2.5 g/l resulted in a
relatively sharp increase in the Al,O3 content of the coating.
However, higher additions of Al,O3 nanoparticles to the bath
resulted in an almost constant amount of Al,O3 in the coating.
This was also true for the coatings obtained from bath 2,
though the primary increase in Al,O5; content of the coating
was not as sharp as that of the coatings obtained from bath 1.
The above-mentioned relationship for the coatings obtained
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Fig. 7. Surface morphology of the coating obtained at current density of
40 mA/cm? from bath 2 with AlL,O charge of 5 g/L at (a) low magnification
and (b) high magnification.

from bath 3 was linear and the Al,O5; content of the coating
was raised continuously by an increase in the Al,O3 concen-
tration in the bath. Note that the change in the tungsten content
of the coatings because of either the presence of nanoparticles
in the bath or the change in the current density was lower than
that to interfere with a true calculation of Al,O; weight
percentage. However, the change in the bath chemical
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Fig. 8. Surface morphology of the coating obtained at current density of
40 mA/cm? from bath 3; (a) without nanoparticles and (b) with Al,O3 charge
of 5 g/L.

composition promoted a dramatic change in the tungsten
content of the coatings which makes the calculated percentages
of incorporated nanoparticles in the coating obtained from
different baths to be incomparable with each other.

The curves in Fig. 3 tend to adopt a linear character by
changing the bath chemical composition from 1 to 2 and then

AlKa ' 1

Fig. 9. Elemental mapping of Al for the coating obtained at current density of
40 mA/cm? from bath 3 with Al,O5 charge of 5 g/L.

to 3. This behavior may be explained by Guglielmi model for
particle deposition. According to this model, Eq. (2) shows the
relationship between volume fraction of the particles within the
deposit, a, and volume percent of the particles in the bath, C:

C/a=K exp(A-B)y(1/k + C) (2)

where 7 is the overpotential for metal deposition. k is the
adsorption coefficient and K, A and B are the constants and
their values depend on bath chemical composition and the
properties of the suspended particles. The constants A and B
are of paramount importance; the former is related to the rate
of metal deposition and the latter is related to the rate of
particle deposition and their relative values determine whether
a increases or decreases with 7, i.e. the current density.

According to Eq. (2), plotting C/a against C values for each
bath gives a straight line. Therefore, one can determine K exp
(A-B)n (from the slope of the line) and k values (from the
intersection of the line with the C axis) for each bath. This has
been done for the coatings obtained from baths 1, 2 and 3
(Fig. 10), where d was assumed to be the density of Al,O3
nanoparticles. In a constant current density the K exp(A-B)y
value remains constant, so it is referred as f. To interpret the
behaviors displayed in Fig. 3, it is also shown schematically in
Fig. 11 that how the changes in f and k values affect the shape
of C—a curves; i.e. the curves show volume fraction of the
particles in the deposit as a function of volume percent of the
particles in the bath.

According to Fig. 10 the f values are 0.107, 0.115 and 0.052
for baths 1, 2 and 3, respectively. The dk values were
determined to be 12.92, 8.85 and 1.58 for baths 1, 2 and 3
respectively. The dk values were calculated by extrapolation of
the straight lines to the dC axis. Note that k is dimensionless
and dk values have the same dimension as d. It can be seen that
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p initially increased but then decreased by changing the bath
chemical composition from 1 to 2 and then to 3. Neither the
irregular change in f values nor the way by which it affects
C—a curve (see Fig. 11) suggests that the inclination of the
curves in Fig. 3 to linearity stems from the change in f.
Meanwhile, the k value decreased as the bath chemical
composition changed from 1 to 2 and then to 3. In fact, a
coating with a high k value has a high capability to adsorb
nanoparticles. Consequently, its surface will be saturated by
nanoparticles at lower concentrations of suspended nanoparti-
cles and higher particle loadings will not increase the coating
nanoparticle content. Reverse is true for a coating with a low k
value and increasing the nanoparticle concentration in the bath
will increase the coating particle content and a linear relation-
ship can be observed between the two. This can also be seen in
Fig. 11 where the decrease in k value tends to draw the C-a
curve to linearity. It may be concluded that the observed
variety of relationships between Al,O3 concentration in the
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Fig. 12. Effect of electrodeposition current density on Al,O; content of the
coating. Al,O5 charge of the baths is 1 g/L.

bath and Al,Oj5 content in the coatings is mainly due to various
k values. Therefore, a more linear relationship can be seen
between Al,O5 concentration in the bath and Al,O5 content in
the coating for the coating with a lower k value.

Fig. 12 demonstrates the effect of current density on Al,O3
content of the coatings. It was found that an increase in the
current density slightly raised the Al,O5 content of the coatings
obtained from bath 1. According to the Guglielmi model, it
seems that for bath 1, the B constant was slightly greater than
the A constant. In other words, an increase in current density
increased the rate of particle deposition more than that of metal
deposition. On the other hand, an increase in the current
density reduced the Al,O; content of the coatings obtained
from baths 2 and 3, which indicates that the A constant was
greater than the B constant for these baths. Therefore, the rate
of metal deposition increased more than that of particle
deposition. This may be attributed to the higher number of
depositing ions in baths 2 and 3, so that a part of them might
not interfere with particle deposition. Hence, by more rapid
electrodeposition of the metal matrix, fewer nanoparticles were
embedded in the coating.

4. Conclusion

Based on the results obtained from this work, following
conclusions can be drawn:

1. Three different types of coating were obtained from the
baths: an amorphous coating, a nanocrystalline two-phase
coating and a nanocrystalline single-phase coating. Addi-
tion of nanoparticles does not affect the coatings in terms of
phase and their texture.

2. Incorporation of nanoparticles may reduce the coating
average grain size, tungsten content and the rate of metal
deposition. The extent of these effects depends on bath
chemical composition and may be influenced by the
synergistic effect of Ni on deposition of W. In addition,
the greater the effect of nanoparticles on coating tungsten
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content, the smaller will be their effect on coating average
grain size.

3. The presence of nanoparticles does not bring a change to
the surface morphology of the amorphous Ni—W coating.
However, an even distribution of the nanoparticles on the
nanocrystalline Ni-W matrix can result in more compact
coatings with fewer defects.

4. An increase in the bath Al,O; nanoparticles concentration
increases the Al,O5 content in the coating, which is more
pronounced for a coating with lower capability to adsorb
nanoparticles.

5. An increase in electrodeposition current density may
increase or decrease the Al,O3 content of the coating which
depends on bath chemical composition.
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