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Abstract: Hard nanocrystalline Ni-Co or Ni-W coatings are receiving a growing interest owing to their
premium hardness, wear, and corrosion properties for several industrial applications. Furthermore,
surface hydrophobicity greatly improves surface corrosion resistance. In this research, the durability
of hydrophobic hierarchical NiW electrodeposited film has been evaluated in a high-speed slurry
erosion–corrosion (EC) test rig. Two different coatings have been tested: a rough coating obtained in a
chloride-based bath (NiWchloride) and a smooth coating obtained in a sulfate-based bath (NiWsulfate).
Corrosion behavior over time was evaluated by electrochemical impedance spectroscopy (EIS), while
surface hydrophobic performance was determined by the sessile drop method. The morphological
features of the coatings were assessed by scanning electron microscopy while roughness modification
during the EC tests were identified by means of an atomic force microscopy. During static immersion
in the aggressive solution, the impedance modulus of the coatings continuously increased due to
an increase in the thickness of corrosion products. During the EC test, the impedance modulus of
the smooth NiW coating decreased, losing its barrier property. It was observed that the increase
in impedance modulus of the hierarchical structure of the rough NiW coating during EC was far
greater than that during static immersion. After 64 min of EC, the NiWchloride was able to resume its
hydrophobicity property by storing in air; nevertheless, the NiWsulfate, with a loss of approximately
72% in its initial contact angle, was no longer hydrophobic. The results showed improvements
in the lifetime of hydrophobic NiW coatings in erosion–corrosion conditions of the hierarchical
nanostructure obtained in a chloride-based electroplating bath.

Keywords: hydrophobic coating; corrosion resistance; durability; microstructural characterization;
electrochemical impedance spectroscopy; contact angle

1. Introduction

In recent years, nanocrystalline nickel alloy coatings (e.g., Ni-W, Ni-Co) have received
growing interest as an efficient replacement for hard chromium coatings for their superior
hardness, wear, and corrosion properties for several applications, from microelectronics to
mechanics [1,2]. Recently, an increasing number of research activities have focused on the
corrosion resistance improvement of these coatings by promoting surface hydrophobicity
to gain better performance in critical environmental conditions such as marine environ-
ments [3,4]. The driving force of this concept is to obtain water repellent metal surfaces
and modify the anti-corrosion surface capabilities of metals and alloys, slowing down
the breakage of the metal oxide film and thus preserving the metal substrate from unde-
sired localized corrosion attack [5]. In such a context, research advances in bio-inspired
non-wetting surfaces have been recently developed, focusing attention on water repellent
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surfaces with a specific hierarchical (multi-scale) rough structure [6–9]. The corrosion
resistance mechanism functions as follows: when exposed to an aggressive environment,
the hydrophobic coatings, characterized by rough and regular hierarchical structures, can
easily trap a significant amount of air within the valleys and cavities of the hierarchical
surface profile [10,11]. These air pockets represent a barrier to the diffusion of aggressive
ions, such as Cl−, to the underlying metal [12–14]. The idea is appealing if corrosion is
the main cause of failure in the service life of marine components. However, even with
effective corrosion protection, the marine components may still suffer due to relatively
low erosion resistance [15]. Therefore, the development of hydrophobic coatings with
improved erosion–corrosion resistance is a matter of interest, since the low durability and
stability of the hierarchical structured surfaces to the EC condition is a relevant issue that
limits their practical usability in the industrial field [16–19].

Indeed, not all hydrophobic corrosion resistant coatings are suitable candidates for
marine applications [15]. The low-cost polymer based hydrophobic coatings with con-
siderable corrosion resistance are not favorable due to their weak erosion resistance and
coating-to-substrate binding strength against impingement of the seawater streams. Hy-
drophobic metallic/ceramic coatings could be a solution to this problem [15,19–21]. The
development of electroplated metal coatings with novel hydrophobic hierarchical struc-
tures and promising corrosion–wear resistance was suggested as an effective approach [19].
In this regard, hydrophobic nickel-based coatings as anti-corrosion/anti-wear protective
films, thermal stable films, and electrocatalysts are of practical importance in industrial
sectors [1,22]. However, despite the promising results about the effect of hydrophobicity on
improving the corrosion resistance of nickel-based coatings [23–26], the overall contribution
of hydrophobicity to erosion–corrosion durability and the stability of nickel-based coatings
is still under debate. During the early stages of exposure to the erosion–corrosion (EC)
condition, the hierarchical structure of nickel coating could be seriously degraded with a
consequent loss of the hydrophobic properties [19]. The improvement in the stability of
surface nanostructure is therefor of primary importance.

The aim of the present work is to evaluate how tungsten alloying in electrodeposited
Ni coating could improve surface morphology stability. Since it is well known that the
composition of the bath could significantly influence the coating nanostructure [27], two
different bath solutions were adopted for electrodeposition [28]. Using morphological and
electrochemical investigations, the influence of the microstructure of NiW electrodeposited
film on the EC test durability was assessed. In particular, in situ real time electrochemical
measurements have been performed during the EC test. The results were compared with
corrosion behavior in stationary solution to discriminate the contribution of erosion and
corrosion to degradation phenomena.

2. Materials and Methods

NiW coatings were deposited on copper discs (exposed area: 3.14 cm2) in two different
chloride-based (NiWchloride) and sulfate-based (NiWsulfate) baths whose compositions are
detailed in [28]. The electrodeposition process was galvanostatically conducted at 60 ◦C
under a rotation speed of 300 rpm using a potensiostat–galvanostat (AMEL 2053 by Amel
Electrochemistry, Milano, Italy) [28].

Morphological features on the surface of all electroplated batches were assessed
using a dual-beam scanning microscope (FIB-SEM Crossbeam 540, ZEISS, Italy). For all
batches, the changes in roughness during the EC tests were acquired by means of an
atomic force microscope (AFM, VEECO Explorer, Veeco Instruments, Munich, Germany)
using a nonconductive silicon nitride probe (MSCT-EXMT-BF1, Veeco Instruments, Munich,
Germany), operating in contact mode.

A tensiometer (Attension Theta, Biolin Scientific, Stockholm, Sweden) was employed
to study the surface hydrophobic performances of the sample surfaces by the sessile
drop method. A water droplet (volume 2 µL) was placed on the surface open to the air
(25 ◦C). Deposition images of the droplet, recorded by a micro-camera device, were further
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elaborated with a suitable digital image software (PC Attension Theta software, Rev. 1.7,
2012 by Biolin Scientific, Stockholm, Sweden) to acquire the static water contact angle. For
each batch, five replicas were performed.

Electrochemical measurements were carried out in a 3.5 wt% NaCl solution using a
BioLogic SP-300 potentiostat (BioLogic, Paris, France) and a three-electrode cell config-
uration (where the coated sample is the working electrode; a KCl-saturated Ag/AgCl
reference electrode probe was utilized; an activated titanium mesh was employed as a
counter electrode). The potentiodynamic polarization curves were plotted in the range −50
to ±1500 mV from open circuit potential (OCP) with a scan rate of 1 mV/s. Impedance
measurements were conducted using a voltage amplitude equal to 10 mV vs. OCP and a
frequency range of 105–10−1 Hz.

Erosion–corrosion (EC) tests were performed using the test rig represented in Figure 1.
The setup consists of a glass beaker including 1 L solution. In particular, the solution slurry
was obtained by mixing 3.5 wt% NaCl with 40 wt% glass grinding filler (average diameter
200–300 µm). A DC rotary motor is connected to a plastic blender, which throws the sand
particles with a constant rotational speed (500 rpm) at the sample surface. Details about
the erosion–corrosion set up and the sample/electrodes schematic position are reported in
reference [19].
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Figure 1. Test rig used for erosion–corrosion experiments.

On-site electrochemical impedance spectroscopy (EIS) was performed using a three-
electrode configuration (coated sample as working electrode; Ag/AgCl probe as reference
electrode; activated titanium mesh as a counter electrode). More details about the EC
tests and the test set up can be found in reference [19]. With the purpose to determine the
water contact angle (WCA) of the samples after each cycle of erosion–corrosion, they were
removed from slurry solution, washed with deionized water, dried, and rested for two
weeks in open to air conditions.

3. Results and Discussion
3.1. Morphology and Surface Considerations by SEM

Different electrodeposition bath compositions resulted in different morphological
features, as can be observed in SEM images in Figure 2. NiWchloride is characterized
by a fully rough surface structure consisting of micro popcorns covered by nano flakes
homogenously spread all over the surface (Figure 2a). On the contrary, NiWsulfate consists
of many smooth islands with occasional cracks between two interconnecting islands.
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The details about the microstructural characterization of NiW coatings are reported in
reference [28].
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3.2. Corrosion Resistance of the Coatings
3.2.1. Polarization Readings

The effect of tungsten alloying element on the stability of nickel coatings, electrode-
posited from both sulfate and chloride baths, at varying electrochemical potentials was
investigated through DC polarization tests (Figure 3). For NiWchloride and NiWsulfate coat-
ings, the corrosion potential (Ecorr) values are −285.8 and −227.5 mVAg/AgCl, respectively.
The less noble corrosion potential is observed for NiWchloride coating. Considering that, in
PDM, the logarithm of the steady-state current generally varies linearly with the applied
voltage (Tafel relation), the aforementioned variation in trend of current within the anodic
branch should be due to the change in the oxidation state of cations within the films [29,30].
However, the formation of insoluble corrosion products could lead to the formation of a
protective layer able to separate the aggressive electrolyte from the metallic NiW coating
or substrate and prevent the corrosion of NiW coating [31]. The oxide film is constituted
mainly by Ni(OH)2, NiO, and WO3 oxide/hydroxide by Raman analyses [32].
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Table 1 compares the apparent corrosion current density (icorr) and Ecorr values of the
coatings obtained using the linear polarization method. Based on the results of Table 1,
NiWchloride, with lower apparent corrosion current density (icorr) or higher polarization
resistance (Rp) [19], is more corrosion resistant than NiWsulfate. Since W contents of both
coatings are quite similar (≤10 at%) [28], the reason for this difference in corrosion resistance
must be related to the surface structure. Farzaneh et al. [33] also related the variations in
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ip of NiW coatings to the changes in surface structure rather than the effect of alloying
with W. Therefore, the improved corrosion resistance of NiWchloride coating, compared to
that of NiWsulfate coating, can be related to its new popcorn morphology [28]. It should be
remarked that the morphology affects the surface characteristics of the electroplated films,
which influences the exchange current density of half-cell reactions in the corrosion process.

Table 1. Corrosion parameters for NiW coatings (areas are visible and not real).

Parameter Chloride Sulfate

Ecorr (mV) −285.8 −227.5
Rp (ohm/cm2) 77.091 5774
icorr (mA/cm2) 3.4 × 10−4 4.5 × 10−3

3.2.2. EIS Studies of the Coatings

EIS plots of the electrodeposited coatings during 64 min of static corrosion were
studied (Figure 4) to better assess the effect of immersion time on electrochemical behavior
of the films. The increase in loop diameter in Nyquist plots of both coatings during static
immersion in aggressive solution is due to improvements in barrier action (Figure 4a,c).
Additionally, a pseudo-passive oxide layer due to corrosion products could be responsible
for the appearance of the wide humps in bode-phase plots (Figure 4b,d). In fact, the humps
represent the capacitive responses of this protective oxide layer, which shift to the higher
angles by increasing the immersion time due to their thickening (Figure 4b,d). This proves
the emerging effect of a pseudo-passivity on corrosion performance of the electrodeposited
film during the immersion.
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of corrosion.

3.3. Erosion–Corrosion Behavior of the Electrodeposited Coatings
3.3.1. OCP vs. Time

The OCP of the coatings at increasing time during EC tests is reported in Figure 5.
Different trends observed for the two coatings could be due to differences in their real
and local surface compositions (number of grains/boundaries and the relative fraction
of different elements at the surface). Moreover, OCP changes over each coating system
are typically related to the permeation of water, oxygen, and ions. Therefore, the OCP
vs. exposure time direction cannot be easily predicted. The continuous modification of
the surface morphology and the turbulence at the surface could significantly influence
OCP measurements that we can consider in a nonstationary condition. It is noticeable



Coatings 2021, 11, 1084 6 of 13

to observe that the NiWchloride coating is characterized by a gradual depolarization of
the surface, while the NiWsulfate coating shows an increase in OCP values. Both values
gradually converge toward an asymptotic similar value. The results are reflected also in
the different behavior of the coating under EIS characterization.
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3.3.2. EIS Characterization

Figure 6 shows the EIS plots of the NiWchloride and NiWsulfate coatings before EC
(0 min, in static slurry solution) and during EC aging up to 64 min. The loop diameter
in the Nyquist plot of the NiWchloride coating at various EC times (Figure 6a) is much
larger than that obtained in similar periods in the static corrosion test (Figure 4a). Taking
into account that the same solution is used for both tests, the higher impedance modulus
obtained during the EC must be directly related to the changes that occurred in roughness
under impingement of the glass grinding filler particles.

A progressive increase in the impedance magnitude of the NiWchloride by increasing
erosion time is observed (Figure 6a), while it considerably decreases with the start of erosion
in the case of the NiWsulfate (Figure 6c) unlike its behavior during the static corrosion test
(Figure 4c). By comparing the impedance trends of the films at long EC time (64 min), it is
noted that the impedance modulus of the NiWchloride coating (Figure 6a) is significantly
higher than that of the NiWsulfate (Figure 6c). This means that the healing (by oxide growth)
ability of the NiWchloride after erosion damages resulted in erosion cycles higher than the
NiWsulfate. In Bode-phase plots (Figure 6b,d), the near wide peaks at approximately 10 Hz
for the NiWchloride coating and approximately 100 Hz for the NiWsulfate coating correspond
to a time constant, which represents the electrochemical response of the protective film. At
the beginning of the erosion–corrosion test, the maximum phase angle of the NiWchloride
coating (Figure 6b) is approximately 60◦, which reaches approximately 75◦ after 24 min
of erosion and remains almost constant up to long EC time. This increase in the phase
angle of the NiWchloride coating indicates that the capacitive response of the coating is
exalted, enhancing its pseudo-passivity [33]. For the NiWsulfate coating (Figure 6d), a
continuous decrease in maximum phase angle from approximately 65◦ in the beginning
of the EC test to approximately 55◦ after 8 min of erosion is obvious. This denotes the
decay of barrier properties of this coating. After 8 min, and until 64 min (the maximum
chosen EC time), the phase angle remains constant. The different impedance behavior
of the electrodeposited films during the erosion–corrosion test can be ascribed to the
different attitude of the NiW coating in NaCl solution. Tungsten forms many relatively
insoluble complexes with chloride ions, and its protecting factor is a result of its probable
reaction with chloride, which fills the pores with a film of corrosion products. Tungsten
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has domains of passivity associated with WO2 and WO3 with the latter material having
low solubility and being stable to further oxidation [34]. These protective films, constituted
mainly by metal oxide/hydroxides, separate the coating surface from electrolyte and raise
the impedance modulus of the coating during immersion time [31]. The reduction in
impedance modulus during the erosion of the NiWsulfate coating can be related to the less
stable protective layer triggered for this coating because of the presence of large cracks
and defects on its surface. The presence of surface cracks is responsible for the local metal
dissolution.
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3.3.3. EIS Modeling

Figure 7 represents the equivalent circuits corresponding to EIS plots of the NiW
coatings. Rs is the uncompensated resistance of the electrolyte, Rox and CPEox are the
resistance and the constant phase element (CPE) of the protective oxide layer, respectively.
The capacitors are usually replaced by the CPE to represent deviations from ideal capacitive
behavior. In Figure 7b, Rpore and CPEc represent the pore resistance and the CPE relating
to pores and cracks in the NiWsulfate coating. As shown in Figure 6, a suitable correlation
between experimental (solid markers points) and fitted results (solid lines) was attained
using the proposed electrical equivalent circuits.
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Figure 8a compares the simulated Rox values of the NiW coatings extracted from
Figure 6 using the equivalent circuits (Figure 7). As seen in Figure 8a and after 30 min of
EC, Rox values for the NiWchloride coating are approximately nine times higher than those
obtained for the NiWsulfate coating. Therefore, the hierarchically rough NiWchloride coating
provides stronger protection during erosion–corrosion tests than the smooth NiWsulfate
one. The Rox of the films could also be inversely related to the real exposed surface area
(ESA) of the coating. Therefore, the sharp increase in Rox of the NiWchloride coating at the
start of the erosion–corrosion test (Figure 8a) may also be related to the sudden decrease in
ESA of this coating, related to the progressive loss of the hierarchical structured profile of
the electrodeposited surface. In this case, and during the early stages of erosion–corrosion,
the electrolyte penetrates inside the valleys and cavities of the rough NiWchloride coating
surface. By increasing erosion time, due to the gradual loss of the surface asperities, the
ESA of the coating decreases sufficiently, and a smoother surface is obtained. This may
explain the intensive increase in Rox of the NiWchloride vs. erosion time (Figure 8a). This
increase is considerable after the first cycle (8 min), where the highest loss of roughness
(~38%) was reached. Further details about roughness changes in the electrodeposited films
during erosion–corrosion will be discussed in Section 3.4. Because all coatings change to
hydrophilic (or the hydrophobic behavior is less effective) after approximately 8 min of
immersion in the aggressive solution, as mentioned in Figure 3, the authors do not relate
the superior corrosion resistance of NiWchloride coating to the hydrophobicity character of
the coatings. Moreover, during this short period of the hydrophobicity, the impedance of
the coatings is still not very high. Therefore, the changes in the Rox value of the coatings
should be caused by changes in the film surface (i.e., reduction in roughness) during the
EC test.
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In order to easily compare the protective action of the two coatings, the effective
capacitance (Ceff) was calculated [35,36] and reported in Figure 8b. Ceff can be obtained
from the following expression:

Ce f f = CPE
1
α
ox × R

(1−α)
α

Pore (1)
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where α is the CPEox power and has a value between 0 (pure resistance) and 1 (pure
capacitance).

A wide difference in the capacitive behavior of the two NiW coatings can be observed
in Figure 8. According to this Figure, the Ceff values of the NiWchloride are much lower than
those obtained for the NiWsulfate coating, indicating its higher barrier performance. The
NiWchloride coating is characterized by a hierarchical morphology with an effective barrier
action [28]. Although there are erosion effects on the specimen even after short times, the
electrochemical behavior of the coating is still satisfactory, owing to its high self-healing
behavior after the sand mechanical action that modifies the surface roughness [37]. For
the NiWchloride coating, although there is a progressive loss of its hierarchical structure
morphology, it still exhibits a good electrochemical stability. On the other hand, despite
showing a low roughness variation during erosion, the NiWsulfate has intrinsic defects [28]
that undermine its barrier capacity. Thus, this makes it possible to retain the hydrophobic
NiWchloride coatings that are potentially effective for their use even in heavy industrial
fields.

3.4. Hydrophobicity and Roughness of the Coatings

Figure 9 shows the WCA changes in the NiW electrodeposited films at varying ageing
steps: (i) quickly after electrodeposition; (ii) after two storage weeks in air; (iii) after 30 min
of erosion–corrosion (EC) test; and (iv) after 60 min of erosion–corrosion (EC) test. As can
be observed, both NiW coatings are hydrophilic just after electroplating and become hy-
drophobic after two weeks’ storage in air. The transition from hydrophilic to hydrophobic
behavior, although there are still some controversies about it [38], could occur due to the
spontaneous adsorption of organic molecules (airborne organic hydrocarbons) on high
surface energy areas [39]. The adsorption of nonpolar airborne hydrocarbons decreases
the surface energy of the electrodeposited metal coating, increasing its hydrophobic be-
havior with subsequent increase in the WCA [40]. After two storage weeks open to air,
the WCA of the rough NiWchloride coating (130◦) was approximately 35◦ higher than that
of the smooth NiWsulfate (95◦). This behavior can be ascribed to the hierarchical nature
of the NiWchloride coating compared to the NiWsulfate one. In a rough surface, based on
the Cassie–Baxter theory, the air pockets trapped in the surface asperities may take place,
thereby reducing the actual contact surface of the water droplet and resulting in a higher
WCA [41]. Evaluating the wettability properties of NiWchloride coating after 30 min of
EC (after removing, washing, drying, and two weeks of storage) showed a decrease of
approximately 7◦ (~5% lost) in its contact angle due to the partial erosion of its hierarchical
structure. In the case of NiWsulfate, only a decrease of approximately 1◦ (~1% lost) in its
contact angle is observed. After 64 min of EC, NiWchloride can resume its hydrophobicity
property by storing in air; nevertheless, NiWsulfate, with a loss of approximately 72% in
its initial contact angle, will not be hydrophobic anymore. The loss of contact angle and
transition to the fully hydrophilic region during EC tests was already detected for nickel
coatings with hierarchical/smooth structures in the same testing condition [19].

Changes in WCA of NiW electrodeposited films (Figure 9) are in accordance with the
variations in their average roughness (Figure 10), resulting from the EC test. approximately
38% of the early average roughness of the NiW coating is lost just after 30 min of EC
(Figure 10). In similar research and the absence of tungsten alloying element, nickel lost
approximately 65% of its initial hierarchical roughness [19]. Therefore, tungsten seems
successful in better surviving the hierarchical rough structure of nickel against erosion
damage. After 64 min of EC, approximately 82% of the initial roughness of the NiWchloride
coating is lost (Figure 10). At this time, the coating can still resume hydrophobicity by
storing in the air (Figure 9). In the case of the smooth NiWsulfate coating, changes in its
roughness are trivial, but the coating turns hydrophilic after 64 min of EC, as similarly
observed for smooth Ni coating [19].
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Figure 10. The average roughness of the NiW coatings before and after EC tests, as evidenced by
AFM observation.

Figure 11 explains how tungsten affects the loss both in roughness and hydrophobicity
in nickel coating with increasing erosion time. By adding tungsten, despite the lower initial
roughness of the NiWchloride coating, the slope is moderate, and the coating resumes its
hydrophobicity after each erosion step by a storing cycle in air.

By studying roughness results of Ni [19] and NiW coatings, both obtained by elec-
trodeposition in chloride baths, it is observed that Ni coating is characterized by an initial
average roughness of higher than 250 nm. However, the initial roughness of NiW coating
is ~100 nm, which is ~150% lower than Ni one. Furthermore, by increasing the erosion
time, Ni coating shows an abrupt reduction in its average roughness. The gap highlighted
between roughness values of two coatings before erosion (0 min) is practically filled just
after 30 min of erosion. After 30 min of erosion, Ni coating has a roughness reduction of
~150%, unlike NiW, where a reduction of only 65% occurred. This trend was, afterward,
confirmed at 64 min of erosion. Finally, NiW coating displays a higher contact angle than
Ni coating after the end of the test.
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4. Conclusions

In this paper, the effect of tungsten on the durability of hydrophobic hierarchical
structure of nickel during high-speed EC tests was studied. For this purpose, chloride- and
sulfate-based baths were used to develop rough and smooth NiW coatings, respectively.
The corrosion and erosion–corrosion behaviors of coatings were studied, and the following
results were obtained:

• During static immersion in aggressive solution, due to the thickening of the corrosion
products, barrier properties of both coatings increased, regardless of their different
morphologies. During EC, the smooth NiW coating lost its barrier property whereas
the barrier action of the rough NiW coating exceeded its value during static immersion.

• The hierarchical structure obtained from the chloride-based electrolyte improved
durability of hydrophobicity behavior of NiW coatings during EC tests. In this
regard, the NiWchloride resumed its hydrophobicity by storing in the air after EC tests.
However, the NiWsulfate lost approximately 72% of its initial contact angle after EC
and was not hydrophobic anymore.

• The capacitive behavior of the two NiW coatings was widely different. The Ceff values
of the NiWchloride were much lower than those obtained for the NiWsulfate coating
each time, indicating the higher barrier performance of hierarchical morphology.
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Nomenclature

EC erosion–corrosion
OCP open circuit potential
EIS electrochemical impedance spectroscopy
WCA water contact angle
DC polarization direct current polarization
Ecorr corrosion potential
icorr apparent corrosion current density
Rp polarization resistance
CPEox constant phase element of the passive oxide
CPEc constant phase element of cracks and pores in coating
Rs electrolyte resistance
Rox passive oxide resistance
Rpore pore resistance
ESA exposed surface area
Ceff effective capacitance
α constant phase element power
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