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a  b  s  t  r  a  c  t

Hard,  ductile  and  adherent  nanostructured  Ni–W  coatings  were  electrodeposited  on  carbon  steel  from
electrolyte  solutions  containing  sodium  tungstate,  nickel  sulfate  and  sodium  citrate,  using  different  cur-
rent pulse  programs.  Current  pulse  frequency  was  the  dominant  factor  to  define  chemical  composition,
grain  size,  thickness  and  hardness.  According  to the  electrodeposition  conditions  the  deposited  coatings
showed  15–30  at%  W,  the grain  size  ranged  from  65  to 140 nm,  and  the  hardness  varied  from  650  to
eywords:
ulse electrodeposition
i–W coatings
FM
PS

850  Hv.  Tungsten  carbide  also  present  in  the  coating  contributed  to its  hardness.  The corrosion  resistance
of  the  Ni–W  coated  steel  was  tested  by  potentiodynamic  polarization  in  a neutral  medium  containing
sulphate  ions.  The  Ni–W  coating  protected  the  carbon  steel  from  localized  corrosion  induced  by  sulphate
anions.

© 2011 Elsevier Ltd. All rights reserved.

orrosion resistance

. Introduction

In these last years the interest in electrodeposited tungsten (W)
lloys with iron group metals has increased due to their excellent
roperties and engineering applications. These alloys can only be
btained through an induced codeposition [1],  that is, W is code-
osited from aqueous solutions with an iron group metal forming
n alloy [1–34]. In this respect, different reaction models were
roposed to explain the codeposition mechanism, depending on
hich metal has been deposited with W and what the deposi-

ion conditions were [1,13–15,18,22,27,29]. Efforts to get plated
ickel–tungsten (Ni–W) alloys were increased as they proved to
ave optimum hardness and good corrosion resistance. These

mproved characteristics, together with good ductility and high
hermal stability, can be achieved when obtaining micro to nanos-
ructured electrodeposits [15,17,28,30,34]. Besides, these plated
lloys could be particularly suitable to protect steel pieces from cor-
osion and erosion in the oil and naval industries if they have the

esired mechanical properties and good substrate adhesiveness.
olution composition (as well as concentration of the electrolyte),
H, temperature and current density are crucial to attain these

∗ Corresponding author. Tel.: +54 381 4248170/4107218; fax: +54 381 4248169.
E-mail address: mefolquer@fbqf.unt.edu.ar (M.E. Folquer).
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goals. Ni–W deposits with similar composition can exhibit differ-
ent structure and surface morphology [8,13,15–17,27,31,33]. In this
sense, the different experimental procedures and even the sub-
strate preparation can influence the results achieved. However, it
would generally seem that as W content in the alloy increases, grain
size diminishes [10,17,28,30,31,33,34].

In a large number of works the electroplating of nanocrys-
talline Ni–W deposits was  carried out using direct current density
[11,14–16,18,22,28,31,33]. However, pulse plating is an effective
means of controlling the microstructure and composition of elec-
trodeposits because it can be used to improve current distribution
and modify mass transport [11,23]. Thus, different problems like
hydrogen evolution and uneven deposits caused by mass transport
may  be overcome and pH local changes minimized. Several stud-
ies on pulse plated Ni [32,36],  Ni–Mo [3,20],  Co–W [4,21] and in
the last years Ni–W alloys [29,30,34],  are reported in the litera-
ture.

From the point of view of the practical interest that Ni–W alloys
offer, it is fundamental to know their corrosion resistance. Hence,
some authors carried out studies in NaCl and H2SO4 solutions
that showed that the corrosion behaviour of these alloys is very
complex, depending not only on W content, alloy structure and

corrosion medium, but also on the component from the iron group
metals and even on preparation conditions [9,16,24,31,33].  Thus, a
general rule that defines their behavior cannot be established. Fur-
thermore, there are no studies in neutral Na2SO4 solutions. They

dx.doi.org/10.1016/j.electacta.2011.04.119
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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re crucial when steel pieces have to be protected from corrosion,
ince the sulphate ion becomes more aggressive than the chloride
on in neutral and alkaline solutions, provoking pitting [37].

In this work, hard, ductile and adherent nanocrystalline Ni–W
oatings were electrodeposited on carbon steel by different pulsat-
ng current programs. By using a multitechnique characterization
pproach we demonstrate that current pulse frequency was the
ominant factor to define chemical composition, grain size, hard-
ess and corrosion resistance of the electrodeposited Ni–W coating.

. Experimental

Nanocrystalline Ni–W coatings were deposited on carbon steel
SAE 1020) sheets (area = 1 cm2), which were previously polished
ith grit paper in decreasing size from 80 to 2500 followed by

.3 �m alumina powder. Finally, they were rinsed with twice-
istilled water.

The electrodeposited coatings were obtained galvanostati-
ally by pulse electroplating using a Zahner IM6e potentio-
tat/galvanostat. The pulse scheme consisted in “on” time (�on)
uring which a reduction current of 70 mA  cm−2 was applied and
n “off” time (�off) during which a zero current was  applied, where

 = �on = �off with 10 ≤ � ≤ 300 s. The deposition time (tdep) varied
rom 20 to 180 min.

The plating bath contained 0.06 M NiSO4·6H2O, 0.14 M
a2WO4·2H2O, 0.5 M Na3C6H5O7·2H2O, 0.5 M NH4Cl and 0.15 M
aBr (pH 9.5). In some experiments pH was adjusted to 7.0 using
5% citric acid solution. A fresh plating bath was prepared for
ach experiment using pure chemical reagents and twice-distilled
ater. During the plating the solution was gently stirred with a
agnetic stirrer at 65 ◦C.
The metallic deposit surface morphology and bulk chemical

omposition were analyzed using a JEOL (JSM 6480 LV) scanning
lectron microscope (SEM) with an energy dispersive spectroscopy
EDS) detector, Thermo Electron, model NORAM System SIX
SS-100. The surface composition was evaluated by X-ray pho-

oelectron spectroscopy (XPS) using a Mg  K� source (1253.6 eV)
R50, Specs GmbH and a hemispherical electron energy analyzer
HOIBOS 100, Specs GmbH.

Deposit roughness, surface morphology and crystal size were
stimated in air in the contact mode with a Contact AFM
ommanded by a Nanoscope IIIa control unit from Veeco Instru-
ents (Santa Barbara, CA, USA). Triangular silicon nitride probes

k = 0.58 N/m) from Veeco Instruments (Santa Barbara, CA, USA)
ere used in all measurements.

Microhardness measurements were carried out with a Shi-
adzu Microindenter with a Vickers indenter. Hardness measure-
ents were performed on sample cross-sections applying a load

f 15 g for 15 s. The thickness of coatings were determined from
etallographic cross sections.
To evaluate corrosion resistance of the electrodeposited coat-

ngs, a single triangular potential sweep (STPS) between preset
athodic (Es,c) and anodic (Es,a) switching potentials, at potential
can rate (v) in the 0.002 V s−1 ≤ v ≤ 0.200 V s−1 range was applied
o the electrodeposited Ni–W coatings in a still phosphate-borate
uffer (0.1 M KH2PO4 + 0.05 M Na2B4O7) pH 8.00, with the addition
f 1 M Na2SO4. In order to compare behaviours, similar experiments
ere carried out in the same solution with carbon steel (substrate),
ure Ni and pure W electrodes at v = 0.002 V s−1. A standard three-
lectrode cell was used. A large area Pt sheet counter electrode

nd a saturated calomel reference electrode (SCE) were used. All
otentials in the text were referred to the SCE (0.241 V vs SHE).

Experiments were made under purified N2 gas saturation at
5 ◦C.
Fig. 1. 3D 3 �m × 3 �m AFM image of polished steel surface.

3. Results and discussion

3.1. Influence of the current pulse program on the surface
morphology of the plated Ni–W coatings on carbon steel

AFM observation of the surface features of the substrate was
performed after submitting it to the polishing sequence in order
to know the initial condition of the surface before the coatings
were deposited. Fig. 1 displays the characteristic scratch pattern
of polished samples.

Fig. 2 shows 3D AFM images of the deposited coatings on the
carbon steel substrate obtained at different �, but with the same
tdep = 60 min. At short � (10 s) a uniform layer of nanosized grains
(≈65 nm)  with defined boundaries is observed (Fig. 2(a)). As �
increases, larger grains also appear (ca. 110 nm)  in addition to
the small ones (ca. 80 nm), presumably associated to the type of
growth they experienced (Fig. 2(b)) while grain boundaries remain
clearly resolved. Finally, for � = 120 s, grain size increases to 140 nm
and the deposit exhibits a cauliflower-like structure (Fig. 2(c)).
These results show that the lower � is (higher pulse frequency),
the smaller the grains obtained are. Also, the � value allows us to
control the film thickness. In fact, when � changes from 300 s to
5 ms  for a constant deposition time tdep = 60 min the film thickness
increases from 6 to 15 �m.  Thus, the deposit thickness increases
with increasing pulse frequency. These findings would indicate that
instantaneous current density during �on is high for a high pulse
frequency. This situation will influence the nonsteady state mass
transport rate which will affect nucleation velocity and growth
mechanisms [23,29].

To analyze how the deposition time (tdep) influences the
homogeneity attained in the deposit, the electrodeposition was
performed at � = constant, but at different tdep. The 3D AFM image
for � = 120 s shows that at short tdep (20 min) the characteristic pat-
tern of the carbon steel substrate is still observed (Fig. 3(a)). As tdep
increases (60 min), the surface becomes more homogeneous and
the characteristic pattern of the substrate disappears (Fig. 3(b)).
There are no significant homogeneity changes for tdep over 60 min
(Fig. 3(c)) although the electrodeposit becomes thicker.

In the experimental conditions of this work, when the bath pH
is decreased to 7.0, keeping a constant pulse program (� = 120 s
and tdep = 120 min), less uniform deposits with more pronounced
growth are observed in some places (Fig. 4), in comparison with
the obtained coating employing the same pulse program, but at pH
9.5 (Fig. 3(c)). This result is in accordance with those reported by

Cesiulis et al. [17] and Younes et al. [18] who determined that there
is an optimal pH value for the plating bath where the W–Ni com-
plexes predominate. They would participate in the electroreduction
reaction helping to get good quality electrodeposited coatings.
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Fig. 3. 3D 4 �m × 4 �m AFM images of Ni–W coatings electrodeposited at the same
�  = 120 s, but different tdep: (a) 20 min, (b) 60 min, (c) 120 min.

Table 1
XPS data obtained from Ni–W alloy electrodeposited by different current pulse
programs.

� (s) tdep (min) Pulse no. W (at%)
ig. 2. 3D 2 �m × 2 �m AFM images of Ni–W coatings electrodeposited at the same
dep = 60 min, but different �: () 10 s, (b) 60 s, (c) 120 s.

SEM micrographs for tdep = 60 min  clearly show the wide-
anging morphology of the electrodeposit (Fig. 5(a)). A granular
istribution (Fig. 5(b)) in the nano-micro scale (already shown in
revious AFM data) forms the structure of larger grains with a
auliflower type structure.

.2. Chemical composition
XPS data of the electrodeposited coatings on the carbon steel
ubstrate show W content in the surface ranging from 15 to 30 at%,
epending on the electrodeposition conditions. The most represen-
ative data are shown in Table 1.These results indicate that the value

10 60 180 30
120  60 15 29
120 120 30 25
300  120 15 15
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ig. 4. 3D 4 �m × 4 �m AFM image of Ni–W coatings obtained at pH 7, � = 120 s and
dep = 120 min.

 has the most influence in the composition of the surface layer and
ear-surface layer region, because more W is incorporated in the
oating surface for the same cycle number, but with lower �. The
ecrease of both the W/Ni concentration ratio and pulse frequency
an be assigned to local pH changes that affect the mass transport
f Ni species by the formation of a porous Ni hydroxide layer in the
lloy surface [18] or to a decrease in the surface concentration of
he citrate-tungstate complex [29].

According to XPS measurements, Ni is present in the surface of
he electrodeposited coatings in metallic state and in oxides (NiO
nd NiOOH), and W is present as metal and as oxide (WO3). After
r+ etching WO3 was found deeper than the Ni oxides, but the WO3
ignal disappears at ≈5 nm from the surface (Fig. 6(a) and (b)). Also,
he C signal is a clear evidence that some carbon is present in the
ulk of the coating. In fact, a careful analysis of this signal shows
hat a compound located at 283 eV (Fig. 6(c)) is consistent with the
resence of a tungsten carbide and it should certainly contribute to
he hardness of the coating. It should be noted that the presence of
arbon incorporated in that form has been already reported from
itrate containing plating baths [16,35].  On the other hand, the com-
lete absence of Fe in the spectra is consistent with a total coverage

f the substrate by the Ni–W layer.

The composition of the different electroplated Ni–W coatings
n the carbon steel substrate was also analyzed using EDS. The
ulk coating composition was found to be homogeneous as deter-

ig. 6. XPS spectra of a Ni–W coating obtained at � = 10 s and tdep = 60 min, as plated an
egion  with peak deconvolution.
Fig. 5. (a and b) SEM micrographs of the surface of Ni–W coatings deposited at
�  = 120 s and tdep = 60 min, for different magnifications.

mined by various measurements at different surface locations. The
results obtained follow the same tendency as those collected by
XPS, although the W content is somewhat lower. Whereas EDS
explores ca 1 �m in depth from the surface, in the XPS analysis

few nanometers were studied by sputtering. Results obtained from
XPS and EDS indicate that the best procedure to obtain the largest
W/Ni ratio in the coating is � = 10 s and tdep = 60 min. In addition,
AFM images show the smallest grain size for this condition.

d after different etching times with Ar+: (a) Ni 2p region, (b) W 4f region, (c) C 1s
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Fig. 8. Ni–W coating voltammograms obtained at different v in still phosphate-

at the same pH the electrode passivity increases progressively as
Es,a becomes more positive [39,40].
ig. 7. Carbon steel voltammogram obtained at v = 0.002 V s−1 in still phosphate-
orate buffer solution containing Na2SO4 1 M.

.3. Adherence and mechanical properties

The plated Ni–W coatings obtained in the different conditions
sed in this work show an excellent adhesion to the substrate in
ontrast to previous results reported by Donten et al. [11] and Yang
t al. [24] showing that these coatings adhere poorly to a steel sub-
trate. In fact, the Ni–W coatings produced under the experimental
onditions described here were hard to remove from the carbon
teel even with the use of mechanical tools. Besides, the surface
f the electrodeposits shows the typical Ni–W coating mirror-like
hine.

The coatings obtained with the different pulse programs show
igh microhardness values, between 650 and 850 Hv. This last
alue corresponds to electrodeposited coatings obtained using

 = 10 s and tdep 60 min. Besides, they do not show signs of
rittleness. The lowest hardness value corresponds to � = 120 s,

dep = 60 min, and the corresponding deposits already present cer-
ain brittleness. These results agree with the trend, reported in
he literature, of increasing hardness and ductility as grain size
ecreases [15,17,28,30,34].

On the other hand, the low brittleness present in the sample
eposited at � = 120 s, tdep = 60 min  tends to disappear when deposit
hickness increases, probably because residual stress or defects in
he bulk coating are lower.

Our results show that deposit grain size and thickness are deci-
ive parameters in the mechanical properties of the Ni–W coating.

.4. Corrosion behavior of the plated Ni–W carbon steel

Fig. 7 shows a typical voltammogram of the plain carbon steel
ubstrate in still phosphate-borate buffer solution containing 1 M
a2SO4 recorded from Es,c = −1.0 V to Es,a = −0.1 V at v = 0.002 V s−1.
he positive potential exhibits typical anodic current peaks cor-
esponding to the Fe(II) (−0.68 V) and Fe(III) (−0.45 V) hydrous
xides formation [37]. This figure also shows that the anodic cur-
ent increases suddenly when the potential exceeds −0.38 V due
o pit nucleation and growth on the carbon steel surface induced
y aggressive sulphate anions. The hysteresis in the voltammo-
ram in the reverse scan corresponds to the growth of the localized
orrosion centers that are repassivated at −0.5 V.

A completely different response was observed when the voltam-

ograms were recorded with Ni–W electroplated carbon steel,

btained at � = 120 s and tdep = 60 min  (Fig. 8). First, the complete
bsence of the iron oxide formation is noted. Instead, a well-defined
eak located at −0.1 V is observed. This peak, that becomes more
borate buffer solution containing Na2SO4 1 M:  (- - -) 0.200 Vs−1, (· · ·) 0.100 Vs-1,
(-  -) 0.020 Vs-1.

defined as the scan rate is increased, corresponds to the NiO for-
mation as reported in [38]. Secondly, the profiles do not exhibit the
characteristic hysteresis of pitting corrosion, a fact consistent with
the substrate passivation by NiO. It is well known that sulphate
anion is unable to promote passivity breakdown and pitting of Ni
surfaces.

The voltammogram for the Ni–W coated carbon steel recorded
at v = 0.002 V s−1 (Fig. 9) exhibits current density values one order
of magnitude lower than that observed for the plain carbon steel
surface (Fig. 7). However, it should be noted that certain anodic
current is observed during the reverse scan indicating metal disso-
lution through the passive film formed on the coating. Besides, the
voltammetric response of the Ni–W coatings is not a simple profile
superposition of the corresponding metal components. Measure-
ments in the same solution, but using pure Ni and W were also
made for the sake of comparison (Fig. 9). The voltammogram cor-
responding to the Ni electrode indicates that in the potential region
between −0.7 V and −0.4 V this metal forms the NiO and remains
passive. Besides, the nickel hydroxide layer is not electroreduced
in this potential range in the reverse scan. This is in agreement
with what was reported by other authors who  demonstrated that
Fig. 9. Voltammograms obtained in still phosphate-borate buffer solution contain-
ing  Na2SO4 1 M of pure Ni (–), pure W (- - -) and Ni-W (· · ·) coating obtained at
�  = 120 s and tdep = 120 min.
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In contrast to the passive behavior of Ni, tungsten shows disso-
ution when the potential reaches −0.3 V. The dissolution process
hould involve oxide formation and dissolution giving tungstate
ons [41–43],  a fact evidenced by the noticeable current increase
hown in Fig. 9. Passivating tungsten oxides are known to be formed
t Es,a more positive than 0.2 V, but in these comparative experi-
ents only the pertinent potential region is shown to analyze the

arbon steel behaviour.
Thus, the electrodissolution behaviour of the Ni–W coatings,

t the pH value used in this work, is defined by the W contri-
ution based on what was previously analyzed. Surface W and
O3 (detected by XPS) tend to dissolve during the anodic poten-

ial sweep with the corresponding Ni enrichment at the interface.
n the other hand, the protecting properties observed at anodic
otentials were mainly due to the passivating Ni oxides (Fig. 9).
dditionally, such anodic current diminution is enhanced with a

onger tdep, for which a thicker deposit is obtained, according to
esults described in Section 3.1 and data included in Table 1. Struc-
ural and morphological changes in the film should not be discarded
16]. These results evidence that corrosion behavior is sensitive to
tructural characteristics, and therefore it will depend on the preset
lectrodeposition conditions [33].

. Conclusions

1) Hard, ductile and adherent nanostructured Ni–W coatings were
electrodeposited on carbon steel from an electrolyte solution
of pH 9.5 containing sodium tungstate, nickel sulphate and
sodium citrate, using different current pulse programs.

2) Current pulse frequency was the dominant factor to define
chemical composition, grain size, thickness, hardness and cor-
rosion resistance of the Ni–W coating. The deposited coating
incorporated between 15 and 30 at% W,  grain size ranged from
65 to 140 nm,  hardness varied from 650 to 850 Hv, and steel
substrate adhesion was excellent. Tungsten carbide present in
the coating contributed to its high hardness.

3) The Ni–W coating provided good corrosion resistance to the
carbon steel in sulphate containing electrolytes. While some
dissolution of W took place, nickel oxides provided a protective
barrier that inhibited localized corrosion.
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