
Citation: Staia, M.H.; Mejias, A.;

Kossman, S.; Puchi-Cabrera, E.S.

Tribocorrosion Performance of

WC-12Co HVOF-Sprayed Coatings

Reinforced with Carbon Nanotubes.

Crystals 2023, 13, 457. https://

doi.org/10.3390/cryst13030457

Academic Editors:

Daniela-Lucia Chicet and
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Abstract: WC-12Co HVOF-sprayed coatings (~400 µm in thickness) reinforced with multiwalled
carbon nanotubes (MWCNTs), were deposited on a steel substrate. The aim of this work is to provide
and analyze data from HVOF WC-12Co sprayed coatings, concerning the influence of the addition
of MWCNTs on their tribocorrosion performance, in a 3.5% NaCl electrolyte. Electrochemical data
(current density and corrosion potential from potentiodynamic polarization curves) and wear data
(coefficients of friction, coating volume losses and wear constants) are reported for the coatings,
with and without the addition of MWCNTs (labeled WCCNT and WCAS-RECEIVED, respectively),
considering the synergistic effects of wear and corrosion coupling. Scanning electron microscopy
(SEM) and profilometry are used to explain both the wear and corrosion mechanisms that account
for each coating’s performance in this environment. During the tribocorrosion tests, similar wear
constants, of the order of approximately 10−12 m3/Nm, were found for all samples, with an increase
of ~20% due to the MWCNTs presence. However, for the coatings reinforced with MWCNTs, a
remarkable increase in icorr, representing almost 3 times the icorr of the WCAS-RECEIVED coating, was
determined. The above results illustrate the complex mechanisms that occur when these coatings
are tested under tribocorrosion conditions, which give rise to concurrent interacting phenomena,
involving both electrochemical and mechanical responses.

Keywords: tribocorrosion performance; wear; WC–Co coating; carbon nanotubes; HVOF; hard
chrome replacement; corrosion mechanisms

1. Introduction

Research on alternatives to hard chromium plating (a well-known surface engineering
process, which gives rise to an increase in corrosion and wear resistance of the coated
substrate) has been a high priority in recent years, due to the toxicity related with the use
of hexavalent chromium and the environmental impact of its production [1–3]. Thermal
spraying processes have been extensively studied, with the aim of finding a replacement
for this type of coating. One of these processes is high velocity oxy-fuel (HVOF), a common
combustion-spraying method, using oxygen as oxidant, and widely employed in different
industries [2,4], where process parameters play an essential role on the coating properties
and performance (porosity, microhardness, tribological behavior, etc.), as has recently been
documented [5].

Thermal spray coating deposition ranges from pure metals (such as copper, nickel,
tungsten, etc.) and alloy coatings (for instance Hastalloys, Monel, stainless steel, etc.), to
cermet powders (WC–Co, Cr3C2–NiCr, etc.), as well as other ceramic materials (for exam-
ple, ZrO2, Al2O3, YSZ: yttria-stabilized zirconia) [6,7]. In particular, the thermal sprayed
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coatings based on WC–Co provide high wear resistance for a wide range of industrial appli-
cations, which include aircraft, as well as manufacturing and mining industries. Different
research works have been conducted recently to study the wear and corrosion perfor-
mance of WC-Co drilling tools [7–9], to better understand the failure mechanisms of these
components under severe working conditions (frictional contact in aqueous environments).

Concerning feedstock materials suitable for thermal spraying processes, MWCNTs
reinforced metal matrix composites have been an explored alternative, regarding their
mechanical behavior. Since their discovery, MWCNTs have been considered to be one of the
major components for the reinforcement of metal matrix composites, that could bring about
considerable improvements in the strengthening mechanisms and mechanical properties
of these materials. Nevertheless, the incorporation of MWCNTs into cermet powders
aimed at HVOF coating deposition has been considered with some reserve. Critical issues
concerning the use of MWCNTs as reinforcing elements have been reviewed in detail by
Bakshi et al. [10]. These authors addressed several problems of these materials, concerning
processing techniques and dispersion, as well as structural and chemical stability in several
metal matrix composites. In addition, these authors have discussed their strengthening
mechanisms and mechanical properties, which are of fundamental importance for their
potential application in the HVOF coating deposition industry.

In the past few years, important work has been conducted aimed at characterizing
the wear and corrosion resistance of different coatings reinforced with MWCNTs [11–13].
Deesom et al. [11] reported the development of a NiCr/MWCNTs composite feedstock
powder synthesized by means of a chemical vapor deposition (CVD) process and ball
milling, without the use of a catalyst. Wear tests were performed by means of a pin-on-disc
tribometer, and potentiodynamic polarization experiments were carried out to evaluate
the corrosion performance. These authors demonstrated that MWCNTs-reinforced NiCr
composite coatings, HVOF-sprayed onto mild steel substrates, provided higher hardness
and wear resistance, as well as an improved corrosion resistance, in comparison to the
unreinforced NiCr coating.

Later, Dong et al. [12], on the other hand, have characterized the effect of MWC-
NTs concentration on the microstructure and friction behavior of nickel-graphene oxide
composite coatings deposited on magnesium alloy substrates, by means of an integrative
method, involving electrophoresis and electrodeposition. It was demonstrated that these
composite coatings exhibited a lower coefficient of friction, smaller wear loss, and better
wear resistance up to a limited MWCNTs concentration of 0.4 g/L. However, as soon
as this concentration was exceeded, defects, such as voids accompanied with cracks in
the composite coating appeared, which gave rise to a reduction in its mechanical and
tribological performance.

More recently, Ujah et al. [13] showed that MWCNTs-reinforced aluminum alloy,
produced by means of spark plasma sintering, exhibited a refined microstructure, high
mechanical strength, and improved corrosion performance, as compared with the pure
metal matrix sample, which could be attributed to the homogeneous dispersion of the
MWCNTs in the matrix. Although the corrosion behavior in the research cited above
was evaluated by potentiodynamic polarization curves, other corrosion techniques, such
as electrochemical impedance spectroscopy (EIS), could be employed to evaluate the
performance of the metal matrix composite’s passive layer [14,15].

In spite of the important work that has been conducted in the past few years, to inves-
tigate the effect of MWCNTs on the mechanical properties, as well as separate wear and
corrosion resistance, of metal matrix composites, the effect of the wear-corrosion coupling
performance has been addressed to a lesser extent. An example is the evaluation of the
tribocorrosion behavior of MWCNTs-reinforced coatings, which involves the consideration
of the synergistic effect of the wear and corrosion coupling on the performance of such ma-
terials. Particularly, very limited information has been reported in the scientific literature in
relation to the microstructure, mechanical properties, wear, and tribocorrosion performance
of MWCNTs-reinforced WC-Co coatings sprayed by means of HVOF techniques.
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The earliest report on the effects of the addition of MWCNTs on the microstructure,
hardness, and wear resistance of a WC-12Co HVOF-sprayed coating is that of Rodríguez
et al. [16], who performed wear tests by employing a dry sand rubber wheel technique.
Subsequent work, conducted by Santana et al. [17], allowed the characterization of the wear
performance of the same coatings by means of a ball-on-disc tribometer. More recently,
Staia et al. [18] have assessed different mechanical properties of both unreinforced and rein-
forced WC-Co coated systems, including elastic moduli, apparent yield stress, and fracture
toughness, to explain the improved tribological performance of the reinforced coatings.

Based on the research works cited above [16–18], the present investigation has been
conducted in order to evaluate the tribocorrosion performance of a WC-12Co coating
reinforced with MWCNTs, deposited by means of an HVOF process, and to compare it
with that of the unreinforced coating, deposited under similar process conditions, with
analogous feedstock powders, in terms of phase composition and porosity. To the best
of our knowledge, the tribocorrosion performance of this type of reinforced metal matrix
composites has not been addressed in the current literature. For this purpose, an innovative,
in-house-designed and manufactured tribocorrosion cell (TC), conceived for this kind of
sample, was employed. Thus, the computation of the wear volumes and wear constants
of the different coatings, tested in a 3.5% NaCl solution, allowed an understanding of the
role played by the reinforcement of MWCNTs on the tribocorrosion performance of these
cermet materials.

2. Materials and Methods
2.1. WC-Co Powders

Conventional spray dried agglomerate WC-12Co (identified from here on as
P-WCAS-RECEIVED), obtained from Polymet (West Chester, OH, USA), with a nominal particle
size distribution between 15 and 45 µm, was used as feedstock to produce the coatings. As
indicated above, MWCNTs were used as a reinforcing material. These were produced by
a CVD method and supplied by Shenzhen Nanotech Port Co. (Shenzhen, China), with the
following characteristics: purity > 95%, Øext~20–40 nm, and length ~5–15 µm.

The P-WCAS-RECEIVED and the MWCNTs (0.35 wt.%) were previously ultrasonically
dispersed in ethanol (purity 99%) for 2 h. Subsequently, these were blended in a jar milling
(coated inside with thermally sprayed WC-12Co) at 60 rpm, using WC balls with a diameter
of 0.6 mm. Milling was also conducted in ethanol for 36 h, the time required to obtain
the optimal powder (identified as P-WCCNT), according to [17]. The P-WCAS-RECEIVED
feedstock was also milled for 36 h (labeled as P-WCCONV), to obtain a powder with a
similar particle distribution as the mixture P-WCCNT. The blending process was also
carried out in a jar mill, with an ethanol solution, for 36 h (best dispersion time, according
to [16]), at 60 rpm, using similar WC balls. The details of the blending process, as well as the
results of the particle size distribution analysis before and after the dispersion process, were
described in a previous work [16]. The morphological and chemical analysis was carried
out by using a field emission scanning microscope equipped with an energy dispersive
X-ray spectrometer (EDS) and micro-Raman analysis, and no detection of any oxide at the
interface between the coating and MWCNTs was found.

2.2. HVOF Process

The powders were deposited on SAE 1020 steel substrates using a HVOF thermal
spray process, with a JP-5000 gun, according to the parameters indicated in Table 1. The
oxygen/kerosene flow ratio employed was ~3.

After deposition, the HVOF-sprayed coated samples were polished by using standard
metallographic techniques, until a roughness parameter Ra~0.05–0.07 µm was obtained.
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Table 1. HVOF thermal spray parameters and coating morphology.

Sample
Stand-off
Distance

(mm)

Fuel Flow
Rate
(l/h)

Oxygen Flow
Rate
(l/h)

Powder Feed
Rate

(g/min)

Coating Thickness t
(µm)

Coating Porosity
(%)

WCAS-RECEIVED
300 25.8 80 100

453 ± 5 3.3 ± 0.4
WCCONV 540 ± 5 2.3 ± 0.3
WCCNT 520 ± 6 1.3 ± 0.3

2.3. Experimental Procedure
2.3.1. Wear Tests in Aqueous Solution

Wear tests were conducted in a NaCl electrolyte at room temperature (22 ◦C), employing
a standard ball-on-disc tribometer (TRIBOtester, Tribotechnic, Clichy, France), with an alumina
ball (grade 25, according to ISO 3290-2) of 10 mm diameter as counter-body, which allowed
the assessment of the coatings’ wear performance under corrosive conditions. The tests were
carried out with a normal load of 10 N, corresponding to a contact pressure of ~1300 MPa,
and a maximum shear stress of ~390 MPa at 30 µm from the top surface, according to the
computations conducted by means of Hertz equations. A sliding speed of 12.6 mm/s (60 rpm)
was employed, and the sliding distance was 35 m (equivalent to ~2800 cycles). The nominal
wear radius (r) was ~2 mm. The contact interval time was 1000 ms.

2.3.2. Tribocorrosion Test Setup

Tribocorrosion measurements were carried out using a typical three-electrode configu-
ration: The WC-12Co coatings as working electrodes (WE), with an appropriately isolated
exposed area to the corrosive medium of 1.76 cm2, an Ag/AgCl/KClsat (+197 mV/SHE) as
reference electrode (RE), and a platinum coil as counter electrode. The tribocorrosion tests
were performed using an innovative in-house-designed and built tribocorrosion cell (TC),
especially conceived for this kind of sample. The cell was manufactured by 3D printing and
is shown in Figure 1. Due to the advantageous characteristics of the cell, it is considered
that the uncertainties related to sample mounting are considerably reduced and therefore,
the tests reproducibility will not be compromised regarding the setup configuration and
the WE exposed area.
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Figure 1. Tribocorrosion tests setup: in-house-designed and built tribocorrosion cell (TC), reference
electrode (RE), counter electrode (CE) Pt coil, working electrode (WE), and electrical connections
to potentiostat.

As indicated before, the electrolyte used was an aqueous 3.5%wt NaCl aerated so-
lution, whose volume was maintained constant (35 mL) for all the experiments. The
electrochemical characterization, involved the determination of potentiodynamic polar-
ization curves, which were obtained by following the usual standard procedure. Firstly,
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the specimens were immersed in the aqueous solution and monitored for 15 min, to es-
tablish the open circuit potential (OCP) and free corrosion conditions prior to starting
the tribocorrosion tests. Subsequently, the potentiodynamic polarization curves were
obtained, starting from the cathodic branch up to the anodic branch, from −400 mV to
about +800 mV, at a scan rate of 0.5 mVs−1. The corrosion measurements were performed
using a potentiostat/galvanostat Solartron 1287 (Ametek, Berwyn, PA, USA). During the
tribocorrosion tests, the potential (E), current (I), and coefficient of friction (CoF) were
recorded simultaneously.

2.3.3. Wear Track Characterization

Wear-corrosion volume losses were estimated from optical profilometry measure-
ments of the wear tracks, performed at four different locations, equally spaced along their
perimeter. An average cross-section area (A) was obtained from the measured profiles and
then multiplied by the nominal wear track perimeter (2 mm radius), to estimate the volume
loss and wear rate. The wear tracks were analyzed by using a Veeco NT-9300 (Brucker,
Billerica, MA, USA) optical profilometer. Thus, 3D measurements of the surface topogra-
phy (on an approx. 2 × 1.5 mm2 surface) were obtained, which allowed the evaluation of
the tribocorrosion performance of the MWCNTs-reinforced WC-Co coating cermets. In
addition, SEM techniques (S-520 Hitachi microscope, Tokyo, Japan) were employed for the
analysis of the wear track morphology of the coated samples and the identification of the
wear mechanisms.

3. Results and Discussion
3.1. Feedstock Powder and Microstructure Characterization

The morphologies of the feedstock powders and MWCNTs used in this research,
are shown in Figure 2. The particle size of the as-received WC-12Co powder (Figure 2a),
P-WCAS-RECEIVED, varies from a few micrometers to no more than 20 µm, with a roughly
spherical shape. As expected, after the 36 h milling process, the conventional WC-12Co
powder particles (Figure 2b), P-WCCONV, are noticed by their greater heterogeneity in terms
of particle size distribution, which is expected to influence the quality of the HVOF-sprayed
coatings and the decarburization process [16].

It has been previously reported that MWCNTs increase the powder particles’ bonding
strength [16,19]. In fact, MWCNTs tend to form bridges between milled powder particles,
which at this stage have a favorable surface matrix to keep the bonds with the MWCNTs.

The investigations of Zeng et al. [19], on the dispersion of MWCNTs within the matrix
of Mg–Al alloys, led to the conclusion that ball milling of MWCNTs mixtures not only
improved their dispersion within the Mg alloy matrix, but also activated their surfaces,
increasing their compatibility within the Mg alloy matrix and melt. Consequently, the
holding of the MWCNTs in a suspension within the Mg alloy melt was enhanced, and their
binding force within the matrix increased. Furthermore, it has been reported that milling
processes are responsible for improving, not only the dispersion within the metal matrix,
but also for unpacking MWCNTs agglomerates, promoting the enhancement of the binding
force of MWCNTs with the matrix and their suitable adhesion to WC-Co particles [16].

Figure 3 shows SEM micrographs, in secondary electrons mode, of the polished cross-
section of the HVOF-sprayed coating samples, deposited from WC–Co feeding powders.
The thickness and porosity of each coating is reported in Table 1. Accordingly, HVOF-
sprayed coating WCAS-RECEIVED (P-WCAS-RECEIVED feedstock powder not subjected to
milling) achieved a thickness of 453 ± 5 µm, whereas the WCCONV coating (36 h milled
conventional feedstock powder, P-WCCONV) and the WCCNT coating (36 h milled MWCNTs-
reinforced conventional feedstock powder, P-WCCNT) achieved thicknesses of 540 ± 5 µm
and 520 ± 6 µm, respectively. The examination of the above micrographs allows an evalua-
tion of the porosity of the different samples. Thus, the coatings identified as WCAS-RECEIVED
(Figure 3a), WCCONV (Figure 3b), and WCCNT (Figure 3c) were observed to have porosities
of ~3.3 ± 0.4%, 2.3 ± 0.3%, and 1.3 ± 0.3%, respectively. It is worth highlighting the
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effect of the milling process on the decrease in the coating porosity, which can be clearly
observed by comparing the WCAS-RECEIVED coating (not milled feedstock) with the other
two (WCCONV and WCCNT coatings subjected to the milling process), in agreement with
the results reported elsewhere [17,18].
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3.2. Tribocorrosion Performance

The tribocorrosion performance of the WC-12Co HVOF-sprayed coatings was evaluated
in terms of electrochemical measurements and coefficients of friction, determined from wear
tests under potentiodynamic polarization conditions (from −400 mV to about +800 mV vs
OCP), as well as from wear-corrosion volume losses. As explained in Section 2.3.2., before
wear took place, the three samples were monitored for 15 min, to establish correctly the
free-corrosion condition, i.e., the OCP.

3.2.1. Electrochemical Measurements

As indicated above, the tribocorrosion behavior of the WC-12Co HVOF-sprayed
samples, in terms of electrochemical response, was assessed by means of potentiodynamic
polarization tests, in an aqueous 3.5% NaCl electrolyte. The potentiodynamic polarization
curves of the three samples are shown in Figure 4. From this figure, it is noticed that the
curves show a small offset from each other. Nevertheless, electrochemical corrosion data
obtained from the potentiodynamic polarization tests exhibit slight differences regarding
the corrosion properties of the different HVOF-sprayed coatings, which are worth discuss.

For instance, Figure 4 shows minor differences between the corrosion potential (Ecorr) of
the different samples, which is observed to vary from −350 to −380 mV. Nevertheless, the
corrosion current density (icorr) is quite different. The WCAS-RECEIVED coating (conventional
powder not subjected to milling process) shows the lowest icorr, around 1.50 × 10−5 mA/cm2,
whereas the WCCONV coating (36 h milled conventional powder as feedstock) exhibits an
increase of ~15% in the corrosion current density, as compared with the first one.

On the contrary, the WCCNT coatings (36 h milled MWCNTs-reinforced conventional
powder as feedstock) exhibit a remarkable increase in icorr, representing almost 3 times
the one computed for WCAS-RECEIVED coatings. This significant difference between the
corrosion current density of the samples can be associated with the prevailing corrosion
mechanisms. On the one hand, the contribution of crevice corrosion will be increased as
the porosity of the coatings increases, acting as a concentration of micro-cells. On the other
hand, the influence of galvanic corrosion on the electrochemical process (micro-galvanic
couple) will be affected by the difference between the electrochemical potential and the
composition of the microstructural phases present in the coatings (where the binder phase
behaves as anode and WC acts as cathode).

The competition between these two mechanisms is expected to influence the value
of icorr of the system and the corrosion products, comprised mainly of oxides (MOx)
and hydroxides M(OH)x. These results highlight the complexity of the electrochemical
processes, which depend not only on the composition of the existing phases, but also on the
coating’s microstructure, surface porosity, and topography. Concerning the anodic branch
of the polarization curves (Figure 4), it is interesting to observe that the passivation range of
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this type of coating [20] cannot be detected under tribocorrosion conditions, possibly due to
the continuous sliding process, which hinders the re-passivation ability of these materials.
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Figure 4. Dynamic polarization curves for the HVOF WC-Co system coatings.

Table 2 presents the possible phases which exist in the coatings depending on the
feedstock processing. Previous works [20,21] have indicated the presence of W2C and W
associated with the decarburization process, related to the nucleation of nanometric phases
promoted by the fast-cooling rate of the coating during spraying or by subsequent heat
treatments [20]. This decarburizing process, which occurs during deposition, produces W
carbides surrounded by a W-free cobalt matrix, amorphous phases, η phase (Co3W3C), and
W2C, as revealed by XRD analysis, as reported elsewhere [21].

Table 2. Electrochemical corrosion data from tribocorrosion tests of WC-12Co HVOF-sprayed coatings.

Sample Ecorr
(mV)

icorr
(10−5 mA/cm2)

Median Particle
Powder Size

(µm)
Possible Phases

WCAS-RECEIVED −350 1.50 ± 0.13 28 WC, W2C, and MWCNTs
WCCONV −370 1.64 ± 0.10 18 WC, W2C, W, and Co3W3C
WCCNT −380 4.30 ± 0.20 18 WC, W2C, W, Co3W3C, and MWCNTs

3.2.2. Evaluation of the Coefficient of Friction (CoF)

The friction coefficient associated with the deposited thermal sprayed coatings was
evaluated under tribocorrosion conditions and measured from the beginning of the sliding
contact, just after the OCP was stabilized. Figure 5 illustrates the behavior of the CoF
for the three samples, which exhibits a run-in period of around 800 cycles for all of them.
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In addition, it can be observed that the CoF of each of the three samples has a similar
fluctuation amplitude, with values in the range of 0.12 to 0.21.
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Figure 5. Coefficient of friction (CoF) as a function of number of cycles for the HVOF-sprayed
coatings, at a load of 10 N, against a 10 mm Al2O3 ball as counterpart. The sliding distance was set at
35 m, at a rotational speed of 60 rpm and a nominal wear track radius of 2 mm.

For the WC-12Co coatings, the tribocorrosion processes can be divided into three
stages as follows: before 100 cycles (initial stage), the coefficients of friction of the three
coatings are almost superimposed, primarily due to their similar surface topography and
surface roughness. In the range of 100 to 800 cycles (intermediate stage), in the cathodic
branch of the polarization curves, the WCCONV and WCAS-RECEIVED coatings exhibit a
run-in period where the CoF varies from 0.12 to 0.17, whereas for the WCCNT, it changes
between 0.17 and 0.21. After 800 cycles (stable stage) up to approximately 1600 cycles, the
CoF of the three coatings shows relatively low variations with respect to the number of
cycles, and remains approximately constant, at a value close to 0.18.

The wear track profiles were optically analyzed by means of 2D and 3D imaging,
employing optical profilometry, as shown in Figure 6, which allowed the observation
of a surface topography typical of a mechanical contact between the Al2O3-ball and the
coated samples. From these 3D topographic images (Figure 6a,c,e), the damage mechanism
observed on all samples was seen to be abrasive wear. The topography difference between
the wear track and the reference surface allowed the estimation of the wear volume loss, by
means of optical profilometry, as described in the next section. On the other hand, in the 2D
optical profilometry images (Figure 6b,d,f), it can be observed that the wear damage on the
WCCONV coating is apparently less (thinner wear track) than that of the WCAS-RECEIVED
and WCCNT coatings. In particular, the wider wear track on the WCCNT could be explained
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by the fact that the chemical damage (higher corrosion current density) induced by the
synergy between the prevailing corrosion mechanisms (concentration micro-cells and
micro-galvanic couple), accelerates the material loss. This observation was corroborated by
the wear volume computation, which is also presented in the next section.
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Figure 6. Optical analysis (3D and 2D optical profilometry images, respectively) of WC-sprayed
coating samples after tribocorrosion tests: (a,b) WCAS-RECEIVED, (c,d) WCCONV, and (e,f) WCCNT.

SEM images of the wear tracks are presented in Figure 7. The presence of scratches
indicate that abrasion is the prevailing damage mechanism of the investigated samples, with
an insignificant contribution from adhesive damage and plastic deformation. The analysis
indicates that abrasion damage could be intimately associated with the detachment of the
WC particles, as shown in Figure 7a,e,f, corresponding to the WCAS-RECEIVED, WCCONV,
and WCCNT, respectively. As has been reported elsewhere [9], the detachment of the WC
particles is due to the weakening of the WC/binder interfaces in the corrosion environment,
which provides straightforward pathways for the nucleation and growth of lateral and
vertical cracks produced by the mechanical contact.
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Figure 7. SEM images of the different coatings showing chemical and mechanical phenomena on the
samples wear track after tribocorrosion testing: (a) WCAS-RECEIVED, (b) WCCONV and (c) WCCNT at
300X magnification; (d) WCAS-RECEIVED, (e) WCCONV at and (f) WCCNT at 1500X magnification.

The sliding contact between the hard counterpart and the coated samples also gives
rise to considerable cracking at the coating’s surface, as well as the elimination of the
wear-corrosion products from the track, which contributes to the formation of third-body
particles. Therefore, depending on the solubility of these particles into the electrolyte
solution, the removal of the deposited coatings could be accelerated.

From the SEM analysis of the WCCNT coating sample, significant differences in the
morphological aspects, associated with the chemical phenomena occurring inside (Figure 7f)
and outside (Figure 8), of the wear track can be observed. Figure 8 indicates that, outside the
wear track, the corrosion products probably correspond to a mixture of CoO (or Co(OH)2)
and WO3, as has also been reported in previous research works [22–24]. The formation of
cobalt oxide (CoO) has been reported to be responsible for a primary passivity potential
region in neutral and basic solutions [22].

On the other hand, the hydroxide Co(OH)2, is known to be slightly soluble in NaOH
and KOH solutions. This hydroxide is more likely to be the first film formed rather than
the oxide, and its dissolution will contribute to the values corresponding to the anodic or
cathodic currents [24]. Chen et al. [23] reported that one of the possible reactions, from a
thermodynamic point of view, could give rise to the presence of WO3. Given the significant
presence of corrosion products inside the wear track, as well as abrasion marks produced
by the contact against the Al2O3 ball counterpart, it is expected that the applied contact
pressure also plays an important role in the removal of the Co(OH)2 film, exposing the
CoO in the metal matrix, as observed in Figure 7f.



Crystals 2023, 13, 457 12 of 17

Crystals 2023, 13, x FOR PEER REVIEW 12 of 18 
 

 

Co(OH)2) and WO3, as has also been reported in previous research works [22–24]. The 
formation of cobalt oxide (CoO) has been reported to be responsible for a primary passiv-
ity potential region in neutral and basic solutions [22].  

 
Figure 8. SEM image of corrosion products outside of the wear track of the WCCNT coating after 
tribocorrosion tests. 

On the other hand, the hydroxide Co(OH)2, is known to be slightly soluble in NaOH 
and KOH solutions. This hydroxide is more likely to be the first film formed rather than 
the oxide, and its dissolution will contribute to the values corresponding to the anodic or 
cathodic currents [24]. Chen et al. [23] reported that one of the possible reactions, from a 
thermodynamic point of view, could give rise to the presence of WO3. Given the signifi-
cant presence of corrosion products inside the wear track, as well as abrasion marks pro-
duced by the contact against the Al2O3 ball counterpart, it is expected that the applied 
contact pressure also plays an important role in the removal of the Co(OH)2 film, exposing 
the CoO in the metal matrix, as observed in Figure 7f.s 

Under tribocorrosion conditions, the WC-12Co HVOF-sprayed coatings undergo an 
increase in the abrasion effect, as compared to tests without any anodic condition, due to 
the low corrosion resistance of the metal matrix. Testing conditions corresponding to the 
anodic branch of the potentiodynamic polarization curve (Figure 4) enhance the corrosion 
process of the cobalt matrix, and therefore WC particles can easily be detached from the 
matrix, inducing an increase in abrasion damage and volume loss, as has been previously 
reported [20]. This carbide removal, intensified by the matrix dissolution, is the principal 
damage mechanism that operates during the tribocorrosion testing. 

It is worth noting that the WCCNT coating exhibited the highest evidence of abrasion 
damage in the wear track. This can be explained by the fact that carbide fragments are 
detached from the cobalt matrix due to the action of the shear forces, which arise from the 
sliding contact of the counterpart on the samples surface. Once the carbides are frag-
mented, these forces can be transmitted into the metal matrix, giving rise to its cracking, 
as well as that of the ceramic phase. Such a cracking promotes the detachment of 
MWCNTs from the matrix and increases the free reactive surface of the coated sample.  

The growth of a reactive surface under tribocorrosion conditions, when anodic po-
larization takes place, has also been previously reported elsewhere [20]. Moreover, it has 
been acknowledged that, due to the different values of the expansion coefficient, after 
deposition the cobalt-rich binder phase remains under tension, whereas the WC phase is 
in a state of compression. Thus, the inherent residual stress difference intrinsic to the coat-
ing production will allow the nucleation and propagation of cracks, which will increase 
due to the mechanical contact between the Al2O3-ball and the sample, contributing in this 
way to the decrease in the tribocorrosion resistance [25]. 

The hardness and fracture toughness of the WCCONV and WCCNT coatings have been 
evaluated and reported elsewhere [18]. According to the authors, the fracture toughness 

Figure 8. SEM image of corrosion products outside of the wear track of the WCCNT coating after
tribocorrosion tests.

Under tribocorrosion conditions, the WC-12Co HVOF-sprayed coatings undergo an
increase in the abrasion effect, as compared to tests without any anodic condition, due to
the low corrosion resistance of the metal matrix. Testing conditions corresponding to the
anodic branch of the potentiodynamic polarization curve (Figure 4) enhance the corrosion
process of the cobalt matrix, and therefore WC particles can easily be detached from the
matrix, inducing an increase in abrasion damage and volume loss, as has been previously
reported [20]. This carbide removal, intensified by the matrix dissolution, is the principal
damage mechanism that operates during the tribocorrosion testing.

It is worth noting that the WCCNT coating exhibited the highest evidence of abrasion
damage in the wear track. This can be explained by the fact that carbide fragments are
detached from the cobalt matrix due to the action of the shear forces, which arise from the
sliding contact of the counterpart on the samples surface. Once the carbides are fragmented,
these forces can be transmitted into the metal matrix, giving rise to its cracking, as well as
that of the ceramic phase. Such a cracking promotes the detachment of MWCNTs from the
matrix and increases the free reactive surface of the coated sample.

The growth of a reactive surface under tribocorrosion conditions, when anodic po-
larization takes place, has also been previously reported elsewhere [20]. Moreover, it has
been acknowledged that, due to the different values of the expansion coefficient, after
deposition the cobalt-rich binder phase remains under tension, whereas the WC phase is in
a state of compression. Thus, the inherent residual stress difference intrinsic to the coating
production will allow the nucleation and propagation of cracks, which will increase due to
the mechanical contact between the Al2O3-ball and the sample, contributing in this way to
the decrease in the tribocorrosion resistance [25].

The hardness and fracture toughness of the WCCONV and WCCNT coatings have been
evaluated and reported elsewhere [18]. According to the authors, the fracture toughness of
the WCCNT coatings, of ~5.4 ± 0.2 MPa.m1/2, is somewhat greater than that of the WCCONV
coatings, of ~4.3 ± 0.3 MPa.m1/2. The results of the present investigation corroborate
this, demonstrating that such an increase in fracture toughness of the WCCNT coating,
as compared to the WCCONV one, is due not only to a remarkable decrease in porosity,
but also to the increase in the bond strength between the lamellae and MWCNTs, as has
been previously reported [18]. Nevertheless, when the WCCNT coating is subjected to
tribocorrosion conditions, both the fragmented carbides, detached from the cobalt matrix,
and the low corrosion resistance of the metal matrix, would give rise to an apparent
decrease in the fracture toughness, which would explain the reported results. Therefore, as
described elsewhere [20], the tribocorrosion resistance would be expected to decrease due
to decohesion of the phases and free reactive surface growth.

It has been shown in [18] that reinforcement by MWCNTs increased the wear resistance,
by forming inter-splat bridges and acting as a lubricant, whereas the improvement in
the hardness was attributed to their deformation resistance. Additionally, it has been
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determined that the fracture toughness increased for the WCCNT coating, as compared
to the WCCONV coating, by approximately 30%, which also explained the improvement
in the wear resistance of the reinforced material. Therefore, the H3/(E*)2 ratio should be
considered, since it is a measure of the resistance to plastic deformation of the coating.
In the above ratio, H represents the hardness and E* the plain strain elastic modulus. In
our case, taking into consideration that the addition of MWCNTs did not give rise to any
significant change in the elastic modulus, the hardness alone can be used as a reference
parameter for anticipating the wear behavior.

The phenomenon usually referred to as “telescopic effect” [26], where the inner tubes
of MWCNTs are susceptible to being pulled-out of the outer tube by tensile stresses, was
not expected to occur in these reinforced coatings, since there is a random orientation
distribution of the MWCNTs, which minimizes this effect.

The present investigation has also allowed the corroboration of previous results con-
cerning the absence of a passivity range in cermet coatings when subjected to any external
loads [20,27]. Accordingly, the passivity range in WC-Co coatings have been reported to
be related to the formation of a thin layer composed of WO3 and CoO, which hinders Co
dissolution under anodic corrosion conditions [28,29]. However, continuous abrasion is
expected to remove this layer, giving rise to its de-passivation and Co dissolution. The
passivation rate of WC-Co coatings has been reported to be directly proportional to the
thickness of the WC layer formed [29]. Tribocorrosion conditions impede the re-passivation
of the coatings, due to the removal of the thin oxide protective film, which grows between
sliding cycles.

The present results indicate that the presence of MWCNTs in addition to WC, will
slightly enhance the dissolution of the Co matrix, due to the galvanic couple that is formed
between the matrix and the mixture of WC and MWCNTs. Thus, the selective dissolution
of the matrix would give rise to the presence of a somewhat greater quantity of isolated
constituents. Therefore, the addition of MWCNTs is not likely to improve the corrosion
behavior of these coatings.

The Al2O3 counterparts did not exhibit any remarkable damage on their surfaces
after tribocorrosion testing. Neither debris accumulation nor significant scratch abrasion
marks were observed on their surfaces. As expected, debris adhesion to the counterparts
was not observed, due to the high melting temperature of the existing phases at the
sliding contact (WC, Co, MWCNTs, Al2O3) and the low temperatures reached during the
tribocorrosion tests.

3.2.3. Wear Constant Computation

The volume loss (V) of the coatings was computed according to the ASTM G99 standard:

V = 2π rA (1)

where r is the nominal radius, and A is the cross-sectional area of the wear track, determined
from optical profilometry measurements. The wear constant (K) was obtained by means of
the Archard equation [30], expressed as follows:

K =
V
P·l (2)

where P is the applied normal load, and l the sliding distance for each tribocorrosion test.
Table 3 presents the values of the volume loss and wear coefficient determined for the

different samples, tested under the tribocorrosion conditions.
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Table 3. Computed volume loss (V) and wear constant (K) obtained from the tribocorrosion tests of
the WC-12Co HVOF-sprayed coatings.

Sample Volume Loss, V
(mm3)

Wear Constant, K
(10−12 m3/Nm)

WCAS-RECEIVED 0.55 ± 0.02 1.5 ± 0.05
WCCONV 0.53 ± 0.03 1.5 ± 0.08
WCCNT 0.63 ± 0.04 1.8 ± 0.1

The wear track profiles of the tested samples were analyzed by means of optical
profilometry and are shown in Figure 9.
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samples after tribocorrosion testing: (a) WCAS-RECEIVED, (b) WCCONV, and (c) WCCNT.

The WCAS-RECEIVED and WCCONV coated samples showed a very small difference in
their behavior, which was corroborated by the similar estimated volume losses, as reported
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in Table 3 (WCAS-RECEIVED: 0.55 ± 0.02 mm3, and WCCONV: 0.53 ± 0.03 mm3). Nonetheless,
a remarkable difference between the 36 h milled conventional powder mixed with the
MWCNTs feedstock (WCCNT), and the other two coatings (WCAS-RECEIVED and WCCONV),
can be observed. The WCCNT coating volume loss was estimated to be 0.63 ± 0.04 mm3.
This result suggests that the WCCNT coating surface (even showing the lowest porosity)
exhibits less tribocorrosion resistance as compared with the WCAS-RECEIVED and WCCONV
coatings. Consequently, a higher quantity of debris and Co dissolution is produced.

Besides the volume loss, the current density, icorr, of the WCCNT coating was calculated
to be 2.6 times the icorr value of the WCCONV coating and 2.9 times the value corresponding to
the WCAS-RECEIVED coating, as reported in Table 2. In addition, it has been shown that under
tribocorrosion conditions the addition of MWCNTs does not provide any improvement in the
coefficient of friction, which remains around the same value for all WC-12Co HVOF-sprayed
coated samples, in agreement with previous research works [17,31–33].

Tables 2 and 3 summarize the electrochemical data (Ecorr and icorr) and volume loss
from tribocorrosion tests conducted under the same conditions (wear sliding under poten-
tiodynamic polarization scan from −400 mV to about +800 mV), for each WC-12Co HVOF-
sprayed coating. From these tables, it is worth noting that the milling process (WCCONV and
WCCNT) does not give rise to an improvement of the corrosion potential of these coatings,
as compared with that produced by employing the feedstock powder (WCAS-RECEIVED).
The corrosion potential (Ecorr) varies from −350 mV in the WCAS-RECEIVED coated sample,
to −370 mV in the WCCONV coated specimen, and undergoes a shift of approximately 8%
(−380 mV) in the case of the WCCNT coating. Thus, the porosity is not the only parameter
playing a significant role in the corrosion mechanisms of the coatings.

The coupling effect between wear and corrosion has a marked influence on the
WCCNT coating regarding the increase in the current density (almost 3 times higher than
WCAS-RECEIVED coating), the decrease in the corrosion potential (around 8% less than the
WCAS-RECEIVED coating), and the increase in the volume loss and wear constant (about 20%
higher than the WCAS-RECEIVED coating), when the coating is subjected to wear under a
potentiodynamic scan. This illustrates the complex mechanisms prevailing under tribocor-
rosion conditions, which give rise to concurrent interacting phenomena, involving both
electrochemical and mechanical responses.

Concerning the evolution of the coefficient of friction during the whole test for each
sample, slight differences were observed between the coatings. These results could sug-
gest that under tribocorrosion conditions the addition of MWCNTs does not significantly
improve the contact between the counterpart and the WC-12Co HVOF-sprayed coatings,
contrary to the improvement that has been reported under dry wear testing conditions [17].
Nevertheless, the NaCl electrolyte acted as a lubricant, having the same tribological effect
on the three samples, as confirmed by the similar values of this parameter obtained under
steady state conditions, which for all of them was approximately 0.18.

4. Conclusions

The tribocorrosion performance of MWCNTs-reinforced WC-12Co HVOF-sprayed
cermet coatings was successfully characterized, and the following conclusions can be drawn
based on the results and discussions presented in this research work:

• The reinforced WCCNT coating exhibited an increase in the corrosion current density
of approximately 3 times, as compared with both the WCAS-RECEIVED and WCCONV
coatings. The formation and removal of multi-oxide films of CoO (or Co(OH)2)
and WO3, under aqueous conditions, control the coating’s performance during the
mechanical contact under electrochemical conditions (potentiodynamic scan).

• The NaCl electrolyte acts as a lubricant and an average friction coefficient value of
0.18 is attained once the system achieves nearly a steady state regime. Under anodic
corrosion conditions, MWCNTs reinforcing does not reduce the coefficient of friction
between the counterpart and the WC-12Co HVOF-sprayed coatings.
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• Wear appears to occur by carbide ejection due to a selective dissolution of the matrix
during the tribochemical process.

• The wear constants are of the same order of magnitude (~10−12 m3/Nm). Never-
theless, the reinforced WCCNT coating exhibits a higher current density (approxi-
mately 3 times), a higher wear rate (about 20%), and a lower corrosion potential (shift
8% down) than the WCAS-RECEIVED coating.

• These results provide an approach to discriminate between different coatings’ perfor-
mances under tribocorrosion conditions. Thus, tribocorrosion testing can be used as an
industrial protocol to compare the performance of coatings subjected to tribo-chemical
conditions.

• Finally, the data obtained from MWCNTs-reinforced WC-12Co HVOF-sprayed coat-
ings evaluated under tribocorrosion conditions represent a contribution to the un-
derstanding of the tribological properties of these materials, as a function of their
microstructure and testing conditions.
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