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Electrodeposition and corrosion behaviour of a Ni-W-B amorphous alloy
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Abstract

Electrodeposition of Ni-W-B alloys from plating baths containing ammonia and citrate is reported. Optimum
conditions for plating including current density, temperature, mechanical agitation and pH were studied. The
corrosion resistance and amorphous character were also evaluated. The operational conditions for depositing the
alloy with good corrosion resistance were: current density 35 mA cm >, bath temperature 40 °C, pH 9.0 and
cathode rotation at 90 rpm. The alloy was deposited at 38% current efficiency, with an average composition of
73 wt% Ni, 27 wt% W and traces of boron and with E,, —0.300 V and R, 3.369%x10* Q. The deposit obtained
under these conditions had an amorphous character with the presence of some microcracks on its surface reaching
down to the copper substrate. Electrochemical corrosion tests verified that the Ni-W-B alloy had better corrosion

resistance than Co—W-B.

1. Introduction

Compared to the electrodeposition of a single metal,
alloys are denser, harder, generally more resistant to
corrosion, possess better magnetic properties and are
suited to subsequent coating by electrodeposition [1].

Tungsten deposits are of interest because of their
unusual combination of properties. Electrodeposition of
tungsten in the pure state has not yet been successful
from either aqueous or organic solutions. But no
experimental difficulty is experienced in codepositing
tungsten with the group 8 metals. Several authors have
investigated the process of electrodeposition of tungsten
with iron group metals in aqueous solutions [2-6]. It is
well known that alloys such as Co-W-B and Ni-W-B
are characterized by high surface hardness; Vickers
hardness values between 450 and 650 kgf mm™ have
been reported for these coatings in the as-deposited
condition [6-8].

Amorphous metallic alloys constitute a new class of
materials because of their mechanical, electrical, mag-
netic, catalytic and corrosion resistance properties which
arise from their homogeneous structure. Historically,
Kramer obtained the first amorphous alloy in 1934,

using the vapor deposition method. Brenner and others
obtained the alloys by electrodeposition [9—12].

In a strict sense, all the factors that permit electrode-
position of amorphous alloys are not known. But it
seems that the presence of metalloids (P, B and others),
which can be codeposited with some transition metals,
produce a series of defects, which can provoke distortion
in the crystal lattice sufficient to give the material an
amorphous character [13, 14]. The results of studies to
optimize operational parameters namely, current den-
sity, bath temperature, mechanical agitation and pH for
the electrodeposition of Ni-W-B amorphous alloys as a
function of deposition efficiency and corrosion resis-
tance are reported here.

2. Experimental

The electrochemical bath was prepared using analytical
grade chemicals and double distilled, deionized water.
The bath used for electrodeposition of the alloy Ni-W—
B contained 0.0370 m nickel sulphate, 0.0310 M sodium
tungstate, 0.0728 M boron phosphate, 0.0323 M sodium
citrate and 0.017 g 1! 1-Na-dodecylsulfate [1]. The bath



106

pH was adjusted initially and during the deposition
process using either ammonium hydroxide or sulfuric
acid. The electrodeposition process was usually per-
formed for a period of 2 h.

Prior to the coating deposition the substrate was
polished up to 600 grit surface finish. The electrodepos-
ition was performed under galvanostatic control on
rotating rectangular copper foil of about 8 cm? surface
area acting as cathode which was placed inside a
cylindrical platinum gauze anode. All specimens were
subjected to a series of cleaning stages and finally rinsed
in dilute 10% H,SO,4 to remove any residual alkali.

A potentiostat/galvanostat (Amel 555B) was used to
apply a known current density to the cathode. An MTA
KUTESZ MD?2 thermostat controlled the temperature
of the bath and a rotating electrode EG&G PARC 616
(cathode rotation) was used to control mechanical
agitation. The Faradaic efficiency was calculated from
the charge passed and the weight gained. The alloy
composition was taken into account when calculating
the deposition efficiency.

A complete factorial design of two levels and four
factors (2%) was used [15], totaling 19 experiments, for a
quantitative evaluation of the influence of current
density, temperature, mechanical agitation and pH on
the alloy deposition efficiency and corrosion resistance
(corrosion potential and polarization resistance).
Table 1 shows the levels of the factors used, as well as
their experimental design codes. Each independent
factor was investigated at a high (+1) and a low (-1)
level. Runs of center points (0) were included in the
matrix and statistical analysis was used to identify the
effect of each variable on deposition efficiency and
corrosion resistance. Those variables having a major
effect on deposition efficiency and corrosion resistance
were identified on the basis of confidence levels above
95% (p <0.05). The Software Statistica 5.0 was used for
regression analysis of the data.

The potentiodynamic linear polarization (PLP) and
electrochemical impedance studies were performed using
a potentiostat (Autolab PGSTATE 30) for corrosion
analysis. A saturated calomel electrode (Hg/Hg,Cl,) and
Pt foil were used as reference and auxiliary electrodes,
respectively. The PLP curves were obtained with a sweep
rate of 1 mV s~ and the impedance experiments were
carried out at selected potentials from the PLP curves
with a frequency interval of 100 kHz to 0.004 Hz. All
the electrochemical corrosion tests were conducted in
aqueous Im NaCl at room temperature.

Table 1. Actual and coded levels of factors studied

Code factors -1 0 +1
Density/mA cm™> 10 55 100
Temperature/°C 30 50 70
pH 6 8 10
Mechanical agitation/rpm 10 50 90

Characterization of the amorphous structure of the
alloy was determined by X-ray diffraction (XRD), using
a Siemens D500 Diffractometer, with Cu Ko radiation,
a step size of 0.02° and a dwell time of 1 s.

The surface morphology and cross section analysis of
the amorphous electrodeposited layers were examined
by scanning electron microscopy (SEM) using a Philips
XL-30 scanning electron microscope. The composition
of the alloy was determined by energy dispersive X-ray
analysis (EDX) using a Link Analytical QX-2000
attached to the SEM apparatus.

3. Results and discussion

The results of the electrodeposition efficiency, alloy
composition and corrosion resistance (corrosion poten-
tial and polarization resistance) obtained from the
factorial matrix used to optimize the operational
parameters for electrodeposition are presented in
Table 2. Atomic absorption spectrometric analysis of
all the deposits showed the presence of traces (=1%) of
boron in all the deposits.

The results were subjected to multiple non-linear
regression analysis to obtain coefficients for each of the
parameters. Estimates of the coefficients with levels
higher than 95% (p <0.05) were included in the final
model. Deposition efficiency (Eff.), corrosion potential
(Ecorr) and polarization resistance (R,) can thus be
expressed as functions of the independent factors by the
linear mathematical model represented by Equations 1,
2 and 3 respectively, where (/) is current density, (pH) is
pH and () is rotation rate in rpm. Taking into account
only the significant effects, the following equations
correspond to the surface response shown in Figures 1
and 2.

Eff.(%) = 29.56 — 17.481 + 5.09pH — 3.95I'pH (1)

Ecorr = —0.32238 ()

R, =9770.5 — 501517 + 3860 (3)

Analysis of variance showed that these models were
significant at a 95% confidence level. The fit of the
models was also expressed by the regression coefficient
(RZ) equal to 0.94401, 0.81305 and 0.93423 for Eff., E..,.
and R, respectively. The variance and regression
analyses demonstrated the statistical significance of the
models, justifying the use of a linear model for the
statistical analysis.

3.1. Effect of current density

The effect of current density on process efficiency was
studied in the range 10-100 mA cm 2. Regression anal-
ysis of the experimental data showed that current
density was the most significant operational factor in
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Table 2. Electrodepostion efficiency, corrosion resistance and deposit composition as shown by the factorial matrix

Runs Current density Temp. pH Mechanical agitation Eco/V  R,/Q  Conc. Ni/~%wt Conc.W/~%wt Deposition efficiency/%
1 +1 +1 +1 +1 -0.476 9023 74 26 16.10
2 +1 +1 +1 -1 —-0.346 16670 76 24 17.65
3 +1 +1 -1 +1 -0.314 4320 92 8 14.07
4 +1 +1 -1 -1 -0.426 3657 91 9 13.46
5 +1 -1 +1 +1 -0.246 12760 89 11 12.58
6 +1 -1 +1 -1 -0.266 8422 93 7 12.65
7 +1 -1 -1 +1 -0.124 1233 91 9 11.77
8 +1 -1 -1 -1 -0.482 5676 92 8 10.55
9 -1 +1 +1 +1 -0.211 21090 71 29 68.06

10 -1 +1 +1 -1 -0.371 4957 76 24 54.95

11 -1 +1 -1 +1 —-0.257 19830 91 9 51.57

12 -1 +1 -1 -1 -0.339 6919 92 8 38.05

13 -1 -1 +1 +1 -0.313 35590 73 27 60.87

14 -1 -1 +1 -1 -0.297 7517 81 19 46.50

15 -1 -1 -1 +1 -0.254 7296 91 9 31.28

16 -1 -1 -1 -1 —-0.270 14510 83 17 37.20

17 0 0 0 0 -0.460 7666 80 20 21.34

18 0 0 0 0 -0.375 5010 78 22 21.41

19 0 0 0 0 -0.298 4554 79 21 21.66

the electrodeposition process at a 95% confidence level
(Equation 1). From this observation and the F test
results it can be concluded that the statistical model used
in these experiments was representative and reproduc-
ible. In contrast, the interactions of current density with
rotation rate and temperature were statistically insignif-
icant on the electrodeposition process.

The highest value for the deposition efficiency,
approximately 50%, was obtained by using a low
current density of 20 mA cm™. Current densities higher
than 80 mA cm 2 tended to produce poor quality alloy
with the formation of dark deposits [1]. From the
experimental data (Table 2) it was observed that a

A IJ]UOH

decrease in current density and an increase in temper-
ature increased deposition efficiency. From Equation 3 it
can be observed that current density and rotation rate
were the factors that most influenced corrosion resis-
tance of the deposit. The best results for corrosion
resistance (i.e. corrosion potential and polarization
resistance) were obtained with a current density of
35 mA cm™? (Figures 1 and 2). This was associated with
a higher deposition of tungsten (Table 2) when com-
pared with the deposits obtained with a current density
of 100 mA cm™2. The PLP tests showed the formation
of a more efficient passivation film (Figure 3) at a
current density 35 mA cm™>.

Fig. 1. Fitted surface of influence of current density vs. temperature in relation to corrosion potential of the alloy, using a bath pH of 9.0

and rotation rate at 90 rpm.
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Fig. 2. Fitted surface of influence of current density vs. pH in relation to polarization resistance of the alloy, using a bath temperature of

40 °C and rotation rate at 90 rpm.
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Fig. 3. SEM micrographs of the Ni-W-B alloy (a) surface, with 500x amplification and (b) cross section, with 1000x amplification (current
density 20 mA cm™2, temperature 70 °C, pH 9.5 and rotation rate 15 rpm).

3.2. Effect of temperature

An increase in temperature usually decreases polariza-
tion, increases the concentration of metal at the metal/
solution interface and may affect the cathode current
efficiency for metal deposition, particularly those depos-
ited from complex ions. The effect of bath temperature
on the process efficiency was studied in the temperature
range 30-70 °C. From Equation 1, it can be confirmed
that the temperature change did not have a statistically
significant effect on the process efficiency at the 95%
level. Similar results are also reported by Younes and
Gileadi [16].

The best results were obtained at 70 °C with a good
quality deposit and a deposition efficiency of 50%. The
deposits obtained at around 30 °C were of poor quality,
with the formation of a dark film with little adherence to
the copper substrate [1].

Bath temperature did not have a statistically signif-
icant effect on corrosion resistance (Equations 2 and
3). In contrast to the effect of bath temperature on the
deposition efficiency, the best temperature for corro-
sion resistant deposit was between 40 and 50 °C
(Figure 1). Deposits obtained at temperatures higher
than 60 °C contained high concentrations of nickel,

thus decreasing their anti-corrosive proprieties
(Table 2).

3.3. Effect of mechanical agitation

The mechanical agitation, in this case by cathode
rotation, can directly affect the composition of the
alloy by reducing the thickness of the diffusion layer
at the cathode and by maintaining the concentration
of the metal ion adjacent to cathode relatively equal to
the concentration in the bulk of the solution. The



concentration of free complexing agent in the cathode
diffusion layer is also reduced by agitation, which may
have a powerful effect on the potential of one or both
of the metals and, hence, on the composition of the
deposit. In general, if the concentration of the free
complexing agent in the cathode diffusion layer is
reduced by agitation of the bath, a corresponding
change may occur in the composition of the alloy.
These variations in alloy composition are more diffi-
cult to predict than those arising from metal ion
concentration. The possibility exists that the trend of
alloy composition resulting from the reduction in the
concentration of free complexing agent may be oppo-
site in sense to that resulting from an increase in the
metal ion concentration of the cathode diffusion layer.
Such a possibility can occur in an alloy deposition
system where only the less noble metal forms a
complex with the complexing agent. This means that
in baths made up of complex ions, the effects of
agitation are not as predictable as those in baths of
simple ions.

The effect of mechanical agitation on process effi-
ciency was studied in the range 10-90 rpm. It was
observed (Equation 1) that the effect of agitation on
alloy deposition efficiency was statistically insignificant
whereas apparently a good quality deposit was obtained
by agitation at 15 rpm [1].

Mechanical agitation had a statistically significant
effect on the corrosion resistance of the alloy at a 95%
confidence level (Equation 3). At 90 rpm a good quality
corrosion resistant alloy was obtained, this behavior
may be correlated with an increase in tungsten content
in the deposit at this high rotation rate (Table 2). It was
observed that increased rotation rate always increased
deposition efficiency and the percentage of tungsten in
the deposit (Table 2: runs 9-10 and 13-14) when
working at low current densities. This may be ascribed
to some degree of mass transport limitation of tungstate
species in the bath. The Tungsten content of the alloy
was also found to increase with decrease in current
density (Table 2: runs 1-9), which is consistent with the
above conclusion for mass transport limitation for the
rotation rate.

3.4. Effect of pH

The pH effect on the deposition efficiency was studied in
the pH range 6-10. Regression analysis of the experi-
mental data showed that pH and its interaction with the
current density had a significant effect on the process of
electrodeposition of the alloy Ni-W-B (Equation 1).
With a decrease in current density and an increase in pH
the best deposition efficiency obtained was about 50%.
The F test confirmed that the statistical model used in
these experiments was both representative and repro-
ducible. In contrast to the interaction between pH and
current density, the interaction between pH and tem-
perature was statistically insignificant on the electrode-
position process.

109

The highest deposition efficiency was obtained at
pH 9.5, which gave a good quality deposit with desir-
able adherence and a shiny lustre. At pH values lower
than 7.5 a poor quality deposit with a lower Faradaic
efficiency was obtained.

The increase in deposition efficiency with increasing
pH may be linked to the influence of ammonia in the
bath, which may form a complex with the tungstate ions
thus rendering them stable in solution. This would
obstruct the formation of the mixed metal complex,
[(Ni)(WO4)(Cit)(H)]*", precursor for the deposition of
the Ni-W alloy, as proposed by Younes and Gileadi
[16].

According to Equations 2 and 3 bath pH did not
significantly effect the corrosion characteristics of the
deposit. The best values for corrosion resistance were
obtained at around pH 9.0, with a good quality deposit
and a high concentration of tungsten in the alloy
(Table 2). Deposits obtained at pH values below 7.0
contained lower concentrations of tungsten, thus
decreasing corrosion resistance.

3.5. Appearance of the deposit

Scanning electron microscopy (SEM) showed that the
alloy Ni-W-B (Figure 3) deposited on the copper
substrate had fewer microcracks, compared to those
on the deposits of Co-W-B (Figure 4). The appearance
of these micro-cracks can be attributed to the internal
stress of tungsten in the deposited material. Similar
morphological characteristics for Ni-W alloy were also
reported by Yang et al. [17]. A significant increase in the
number of the micro-cracks was observed with increase
in current density; similar behavior was observed by
Donten et al. [18]. Figures 3(b) and 4(b) show that the
micro-cracks extend to the copper substrate. Further
studies are necessary if micro-cracks on the alloy surface
are to be eliminated or greatly reduced so as to improve
corrosion resistance. The deposit was uniformly granu-
lar across its surface.

The deposit also showed good adherence and lustre,
with an average thickness of 32 um after 2 h of
electrodeposition. The composition of the electro-depos-
ited alloy was obtained with the help of EDX (Table 2).

The amorphous character of the alloy was confirmed
by X-ray diffraction analysis (XRD); a single broad
peak confirmed the amorphous structure of the alloy.
Boron was added to the bath in the form of boron
phosphate, which was co-deposited with the Ni-W
alloy, producing an amorphous structure and, conse-
quently, interesting properties such as a high level of
hardness. Similar behavior was observed by Wikiel and
Osteryoung [19].

3.6. Corrosion resistance
Figures 5 and 6 show the potentiodynamic curves

obtained for the alloys Co—-W-B, Ni-W-B(Eff.) depos-
ited under optimal conditions for deposition efficiency
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Substrate

Fig. 4. SEM micrographs of the Co-W-B alloy (a) surface, with 500x amplification and (b) cross section, with 1000x amplification (current
density 20 mA cm ™, temperature 70 °C, pH 9.5 and rotation rate 90 rpm).
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Fig. 5. Anodic polarization curve of Co-W-B alloy (current density 20 mA cm 2, temperature 70 °C, pH 9.5 and rotation rate 90 rpm).
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Fig. 6. Anodic polarization curve of Ni-W-B(Eff.) at cathode current density 20 mA cm™>, bath temperature 70 °C, pH 9.5, mechanical agi-
tation 15 rpm; and Ni-W-B(Corr.) at a current density 35 mA cm 2, temperature 40 °C, pH 9.0, rotation rate 90 rpm.

and Ni-W-B(Corr.) deposited under optimal condi-
tions for corrosion resistance in 1 M NaCl. The
electrodeposits containing Ni [Ni-W-B(Eff.) and Ni-
W-B(Corr.)] had corrosion potentials (approximately
450 mV and 290 mV, respectively) more positive than
that of the electrodeposit containing Co. Additionally,
the anodic branch of the polarization curves for the
three studied alloys were similar, showing a decrease

in current (point c) suggesting the formation of a
passive film on the alloy surface. However, the film is
not stable in this medium, as the current increases
again rapidly with increase in potential. Both the
alloys show dissolution of the protective film at point
(d). The analysis also reveals that both Ni alloys are
more corrosion resistant than the Co—W-B alloy
(Table 3).



Table 3. Corrosion data obtained from potentiodynamic polariza-
tion curves

Corrosion data Co-W-B Ni-W-B(EfT.) Ni-W-B(Corr.)
Ecor/V -0.680 -0.238 -0.300
R,/Q 3.357x10° 5.569%10° 3.369x 10"

Electrochemical impedance experiments were carried
out to obtain information about the passivation behavior
of Ni-W-B and Co—W-B alloys. The impedance mea-
surements were performed in the regions a—d marked on
the polarization curves of Figures 5 and 6.

Figure 7 shows the impedance diagram, which repre-
sents the corrosion potential correlated to point (a).
Figures 8, 9 and 10 correlate with the potentials
represented by (b), (c) and (d), respectively.

The Ni-W-B alloys had higher impedance values
than the Co—-W-B alloy, thus confirming the higher

corrosion resistance of the former. Additionally,
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Figure 7 shows a typical diagram for a charge transfer
process at the interface, indicating that surface reac-
tions already occur at the corrosion potential. Fig-
ures 8 and 9 show typical diagrams for the process of
passivation and dissolution that confirm the findings of
the polarization curves, which suggested the presence
of an unstable passive film on the surface. The same
type of passivation and dissolution process was also
observed by Keddam et al. [20]. Figure 10 shows the
impedance diagrams, which are associated with trans-
passivation and may be attributed to dissolution of the
passive film as also observed by Keddam et al. [21]. By
the end of the impedance tests on the Co—-W-B alloy,
almost complete dissolution of the electrodeposited
film occurred, exposing the copper substrate. In the
case of Ni-W-B alloy, which was exposed to the same
corrosion medium and for the same period, the copper
substrate surface did not become visible. This behavior
is associated to the dissolution process presented in
Figure 10.
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Fig. 7. Impedance diagrams related to the point (a) of the anodic polarization curves of Co-W-B and Ni-W-B alloys.
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Fig. 10. Impedance diagrams related to the point (d) of the anodic polarization curves of Co-W-B and Ni-W-B alloys.

The Co—W-B alloy used in this study was obtained
using a current density of 20 mA em ™2, at 70 °C, with a
pH of 9.5 and rotation rate at 90 rpm which gave a
deposition efficiency of about 30%. The average com-
position of the deposit was 60 wt% Co, 40 wt% W with
traces of boron giving a corrosion potential of —0.680 V
and a polarization resistance of 3.357x10° Q.

The conditions for efficient deposition of the Ni-W-
B(Eff.) alloy were a current density 20 mA cm™>, at
70 °C, with a of pH 9.5 but with rotation rate at 15 rpm,
which gave a deposition efficiency of about 50%. The
average composition of the deposit was 83 wt% Ni,
16 wt% W with traces of boron, giving a corrosion
potential of —0.238 V and a polarization resistance of
5.569%10° Q. Similar corrosion characteristics of a Ni—
W alloy are also reported by Yang et al. [17].

For depositing a good quality corrosion resistant
alloy [Ni-W—B(Corr.)] a current density of 35 mA cm >
was required at a temperature of 40 °C, pH 9.0 and
rotation rate at 90 rpm. This gave a deposition efficiency
of about 38%, with an average deposit composition of
73 wt% Ni, 27 wt% W and traces of boron. The
corrosion potential was —0.300 V and the polarization
resistance 3.369x10% Q. Even though the corrosion
potential was not particularly good the deposit obtained
under these operational conditions showed high polar-
ization resistance and, consequently, a low dissolution
rate, thus confirming its corrosion resistance.

4. Conclusions

For the optimized bath composition and within the
range of operating parameters studied it can be affirmed
that:

1. For electrodeposition of the alloy Ni-W-B at an
efficiency of 50% the optimized values of opera-
tional parameters were: cathode current density
20 mA cm™2, bath temperature 70 °C, pH 9.5 and
rotation rate at 15 rpm.

2. Good deposits in terms of corrosion resistance were
obtained under the following operational condi-
tions: current density 35 mA cm™2 bath tempera-
ture 40 °C, pH 9.0 and rotation rate at 90 rpm
giving a deposition efficiency of 38%.

3. The deposits obtained under optimum conditions
for both deposition efficiency and corrosion resis-
tance were of an amorphous nature. These deposits
had micro-cracks on their surfaces, which reached
down to the copper substrate. Further studies are
required to determine how these micro-cracks might
be eliminated.
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