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Abstract: This study shows that WC-12Co coatings with low porosity and high wear and corrosion
resistance can be applied by high velocity oxygen-fuel (HVOF) on a low melting and highly flammable
ZE41 magnesium alloy. This provides a novel and promising use of the high-energy thermal spraying
technique on low temperature melting substrates. The spraying distance used was 300 mm, which is
between two and three times the recommended distanced for HVOF coating with WC-12Co on steels.
Despite this, the WC-12Co coatings obtained were homogeneous, crack-free, and dense. The coatings
were very well adhered to the substrates and the spraying distance allowed avoiding any thermal
affectation of the substrate. The thickness of the coatings was limited to 45 µm to avoid a big mass
increase in the samples. The effect of the number of layers, the O2/H2 ratio and the gas transport
flow in the coating was studied. The coatings reduced the wear rate of the substrate by 104 times,
making them wear resistant. Electrochemical corrosion tests were conducted to study the corrosion
protection of the coatings, showing that it is possible to protect the magnesium substrate for 96 h in
contact with 3.5 wt.% NaCl aqueous solution.
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1. Introduction

Magnesium and its alloys are increasingly being used in the automotive field because they
are the lightest structural metallic materials and have excellent specific strength. The use of these
materials could lead to a significant reduction in the weight of vehicles and, therefore, a reduction
in fuel consumption. Their ability to dampen vibrations and noise, their dimensional stability,
their impact resistance, and their good electrical and thermal conductivity, make them suitable for
structural applications [1,2]. However, the use of magnesium alloys in the transport industry is
currently limited by its main drawbacks, associated with its surface properties, which are its limited
resistance to corrosion and wear [3]. Therefore, the expansion of the field of application of magnesium
in the industries depends on the development of new technologies that minimize these disadvantages.

Surface modification is one of the approaches to improve the surface properties of the materials.
In this way, many technologies have been applied on the magnesium alloys surface to achieve an
improvement in their behavior against corrosion and wear: anodizing [4,5], chemical conversion
treatments [6], thermal spray coatings [7], sol-gel coatings [8], or even laser treatments [9] have been
studied. Among the different techniques, the use of coatings is the most effective way to improve
the surface properties of magnesium alloys. For corrosion protection, different coatings have been
applied: organic coatings [10], TiN, TiCN, ZrCN, metallic oxides, Al, Zn, Cr, and Cu coatings [11,12].
Electric-explosive spraying (EES) technique was also used to manufacture coatings that ensures the
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formation of pore-free coatings and high adhesion to the base [13]. Electric erosion stable coatings
such as W-Cu, W-C,-Cu, Mo-Cu, Mo-C-Cu, and Ti-B-Cu were developed using this EES technique [14].
Coatings made by thermal spraying processes are receiving the most attention because these techniques
allow obtaining coatings that can be used in many different environments, as they have low degree
of porosity and high adhesion strength to the substrate, providing protection against corrosion and
wear [15–17]. Aluminum, its alloys, and composites have been deposited on magnesium alloys by
cold spray [18–20], flame spray [21], or high velocity oxygen fuel (HVOF) [7,22]. The HVOF technique
provides coatings with a lower degree of porosity, with values less than 1%, with greater hardness,
better adhesion resistance, and higher density than when using other techniques. This is due to the
high speed of the sprayed particles and to the particles being sprayed in a molten or semi-molten state.
Therefore, these coatings are the best ones for corrosion protection as the other spraying techniques
give rise to coatings with more porosity [23]. However, the high energy provided by the flame and the
molten or semi-molten particles has traditionally limited the use of HVOF on low melting temperature
such as Mg or Al alloys, and is very critical on highly flammable materials such as pure Mg and most
Mg alloys.

Stainless steel coatings have been successfully applied on Mg substrates despite the high melting
point of the coating material, but the ductility of stainless steel particles allowed obtaining low
porosity coating [24]. Protection against corrosion and wear have been obtained on Mg alloys using
HVOF stainless steel coatings [25,26]. However, harder materials are available as coatings. The wear
and corrosion behavior of the coatings depends not only on the spraying process used, but also on
the powder feedstock characteristics and on the microstructure of the manufactured coating [27].
Cermet coatings, such as WC-Co, WC-Co-Cr, and Cr3C2-NiCr, produced by different thermal spraying
processes (APS, VPS, and HVOF) can be used under different wear conditions such as abrasion,
adhesion, fretting, or erosion [28–31]. The use of WC-based coatings manufactured by HVOF has
increased in several areas because of its high erosion and erosion-corrosion resistance [32,33]. HVOF of
WC-Co results in less decomposition of the WC during spraying process than with other techniques,
providing coatings with high density and excellent cohesive strength [34,35]. However, the standard
spray conditions of WC-Co involve a high energy density that is incompatible with the melting
temperature and flammability of Mg alloys [36].

Therefore, the main objective of this article was to investigate the HVOF spraying conditions
that allow to deposit a high melting point WC-Co coating on a commercial magnesium-zinc alloy
(ZE41) without damaging the substrate, with the aim to provide new application possibilities for the
HVOF technique on substrates that have low melting points. A detailed study of the influence of
the main spraying parameters in the characteristics of the coating, i.e., coating thickness, porosity,
and composition has been carried out. With the aim to obtain a good barrier for magnesium alloys
against wear and corrosion, the corrosion and wear behavior of the different manufactured coatings
was analyzed.

2. Materials and Methods

2.1. Materials

Extruded rods of ZE41 cast alloy used as substrate were supplied by Magnesium Elektron
Company with a nominal composition (wt.%) of: 4.09 Zn; 1.7 rare earths (Pr + Nd + La + Ce); 0.68 Zr,
0.6 O; and balance Mg. The material was received with the aging treatment T5 (2 h at 330 ◦C followed
by 10–16 h at 177 ◦C). The rod was cut in 60 mm diameter and 10 mm thick discs and used as substrates.
All samples were sand blasted with 1 mm corundum particles, ultrasonically cleaned in ethanol and
air-dried before conducting spraying. This process supposes the obtention of a roughness of the
magnesium surface of 7.4 ± 0.4 µm.

WC-12 wt.% Co powder provided by Oerlikon (Diamalloy 2004, Pfäffikon, Switzerland) was used
as feedstock. This powder is mainly used in industry to create dense and well-bonded coatings on
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steels for applications against abrasive, fretting wear and erosion, the particle size distribution of the
WC-12Co powder was −45 + 5 µm and its nominal composition was (wt.%): 11.5–13.0 Co, 5.25 max. C,
1.5 max. Fe, 1.0 max. others and balance W.

2.2. Spraying Process

WC-12Co coatings were deposited on ZE41 magnesium alloy substrates by high velocity
oxygen-fuel (HVOF) using a thermal spraying equipment from Sulzer Metco (Unicoat, DJ2600,
Oerlikon Metco, Pfäffikon, Switzerland). The gun was placed on an anthropomorphic robot (ABB
IRB-2400/16) to control some of the spraying parameters (spraying distance, gun speed, and number of
deposited layers). The different spraying parameters used to manufacture the coatings are shown in
Table 1. Oxygen was used as oxidizing gas, hydrogen as fuel gas, and nitrogen was used as transport
gas to feed the feedstock powder in the gun. Dry air was used as shielding gas (344 NLPM) and with a
feeding rate of 3 g/s. All coatings were sprayed at a distance of 300 mm and using a spraying gun
speed of 250 mm/s. This distance and speed were optimized at the first steps of this work and were
selected because they allow having a minimum effect on the magnesium substrate. Also, the number
of layers deposited was kept low to limit the weight of the coatings.

Table 1. Spraying parameters used in the high velocity oxygen-fuel (HVOF) process.

Parameter
Samples

1L-1 2L-1 2L-2 2L-3 2L-4

Layers 1 2 2 2 2

O2/H2 ratio 0.34 0.34 0.34 0.31 0.21

Transport gas N2 (NLPM) 12.5 12.5 30 30 30

Two O2/H2 ratios were used to control the oxidizing effect of the flame and to control the energy
provided by the HVOF process. To evaluate the effect of the gas transport flow on the morphology of
the different coating, two different values have been used.

2.3. Specimen Examination

For microscopic characterization, metallographic samples were cut using a SiC disc cutter,
hot mounted in conductive resin, roughing with SiC emery papers up to 4000 grade and polished
with diamond paste up to 1 µm. The morphological and microstructural features of the WC-12Co
coatings were analyzed in the cross-section by scanning electron microscopy (SEM, Hitachi S-3400N,
Hitachi High-Technologies, Tokyo, Japan), using secondary (SE) and backscattered electron (BSE)
imaging, and equipped with an energy dispersive X-ray spectrometer (EDS, XFlash 5010, Bruker,
Germany, Europe).

Thickness and porosity content were determined using a light microscope (Leica DMR) with Leica
Image-Pro Plus software (version 7.0).

To identify the different phases in the sprayed coatings, all coatings were characterized by X-ray
diffraction measurements (DRX, Panalytical, Malvern, UK) using X’Pert PRO apparatus with the CuKα

radiation at low angle (1◦).
Surface roughness measurements of the coatings were obtained using a 3D optical profiler

(Zeta Instruments, Zeta-20, San Jose, CA, USA). Three images were obtained for each specimen, each
one with an area of 2.4 mm2, to obtain average values.

The coating adhesion strength was evaluated by means of a Posi-Test AT-Pull-Off Adhesion Tester
(Defelsko, Ogdensburg, NY, USA), following the ASTM D4541-02 procedure E [37] at a loading rate
of 1.0 MPa·s−1 and using 10 mm aluminum dollies, which were glued to the coating using an epoxy
adhesive Loctite® EA 9466 Hysol® (Henkel Ibérica S.A, Barcelona, Spain).
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Microhardness values across the coatings were measured on the cross-section using a SIHMADZU
HMV-2 microhardness tester (Shimadzu Corporation, Kyoto, Japan) following UNE-EN ISO 6507-1
standard [38] using an indentation load of 100 gf (HV0.1) and 15 s as residence time. At least 10 hardness
tests were conducted on the cross-section of each sample at specific distances to the coating/substrate
interface to obtain representative average values.

2.4. Tribological Test

Tribological tests were carried out at room temperature on the substrate and on the different
sprayed coatings using a Microtest tribometer (model Microtest MT/10/SCM, Microtest S.A., Madrid,
Spain) under dry sliding conditions with a ball-on-disc configuration. In a first attempt, a hard carbon
steel-bearing ball with a diameter of 6 mm was used as counterpart. The high wear suffered by this
steel counterpart against the two-layer WC-12Co revealed the need of using a harder counterpart.
Therefore, a WC-6%Co sintered ball with a diameter of 6 mm from RGP Balls was finally used as
the counterpart, using a new ball for each test. The hardness of the counterpart was in the range
1550–1780 HV.

Specimen and counterbody surfaces were cleaned with ethanol before the wear test to avoid the
presence of humidity and non-desirable films as grease on them. Wear tests were carried out under load
of 10 N and sliding velocity of 1.3 m/s for a total sliding distance of 5000 m. The wear-testing machine
records continuously both the distance and the friction coefficient. Samples were weighted before and
after the wear test to determine the mass loss during the test. Wear volume loss was determined from
the mass loss using the material density to determine the wear rate using the Archard’s law [14].

V
L

= K
W
H

= kW (1)

In this equation V is the wear volume, L is the sliding distance, being the coefficient V/L the wear rate,
W is the applied load, H is the hardness of the sample, K is the Archard´s constant, and k is the specific
wear rate.

2.5. Corrosion Test

Corrosion behavior of the different specimens was evaluated at room temperature using immersion
test in a 3.5 wt.% NaCl solution with an Autolab PGStat302N potentiostat (Metrohm, Herisau,
Switzerland), provided with Nova 2.1 software. Measurements were carried out using a conventional
three-electrode cell configuration using the specimen as the working electrode, a silver/silver chloride
(Ag/AgCl) as the reference electrode and a graphite rod as the counter electrode. An area of 0.76 cm2 of
the samples was exposed to the electrolyte using an aperture in the electrochemical cell, sealed with an
O-ring to avoid liquid leakage.

The polarization resistance of the samples (Rp) was obtained by lineal polarization tests varying
the potential from ±10 mV around the corrosion potential (Ecorr) with a scanning rate of 1 mV/s.
These Rp values were obtained for each sample after different immersion times in the electrolyte
solution (1, 6, 24, 48, 72, 96, and 168 h) to study the evolution of the coating protection with time.
Anodic–cathodic polarization measurements (Tafel curves) were carried out by polarizing between
−400 and 800 mV around the corrosion potential with a scanning rate of 1 mV/s and after 1 h of
immersion time to allow the stabilization of the open circuit potential (OCP).

3. Results and Discussion

3.1. Powder and Spraying Characterization

The feedstock WC–12Co powder had a polyhedral morphology (Figure 1a) and each powder
particle consisted itself in a WC–Co cermet, this structure is characteristic of crushed particles. Small
ceramic particles of WC are immersed in a Co matrix, so the ceramic phase constitutes about 80 vol.%
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of particles. This can be observed in the SEM micrograph (Figure 1b) where the geometric elements
observed in light color correspond to the WC particles (marked by arrows in Figure 1b) and the dark
areas correspond to the cobalt matrix. Purity of the feedstock was confirmed using X-ray diffraction
pattern where WC and Co peaks were the only ones detected. A wide distribution of particle size was
observed by SEM, and 90% of the particle had sizes in the 5–45 µm range. Although the size is smaller
than usual for HVOF, it is required because of the high density of this material.Coatings 2020, 10, x FOR PEER REVIEW 5 of 21 
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Figure 1. Scanning electron microscopy (SEM) micrographs in the backscattering electron mode
of the WC-12Co powder used as feedstock: (a) general view (b) detailed of a particle using
higher magnifications.

The spraying conditions used have been changed from the standard ones in order to reduce the
heat input to the magnesium substrates in order to avoid its burning or melting and even to cause
any heat degradation caused by the HVOF flame. To evaluate the validity of the heat supplied to the
cermet particles, a wipe test was carried out using 300 mm of spraying distance and a transversal
speed of 1300 mm/s. The high transversal speed of the gun allows the observation of the individual
droplets. The SEM observation of the sprayed powder (Figure 2) revealed two different behaviors: (i)
The as-received powder lost their initial polyhedral geometry because the molten Co matrix reaches
the Mg alloy in a molten state and splashes over it forming individual splats (Figure 2a), (ii) some
splash splat with little fingers were observed (Figure 2b,c), suggesting that the molten cobalt matrix
reached the substrate with some plastic deformation capacity because of the thermal and kinetic energy
obtained from the flame. Therefore, the heat supplied to the particles is enough to melt the metallic
phase and allow its deformation upon impacting on the substrate, but the high content of WC particles,
which remained solid during the spraying, partially limited the deformation of the particle. The
small number of pores observed could be partially filled by the other particles sprayed during coating
manufacturing, but some may still remain after it.

On the other hand, the wipe test allows determining the effect of the HVOF sprayed particles
on the surface of the substrate used. With this technique, the high linear momentum of the particles,
which is the result of the combination of a dense material with a high flight speed of the particles,
caused a significant deformation of the ZE41substrate surface (marked by arrows in Figure 3a,b).
As Figure 3 shows, some of the sprayed WC did not adhere to the substrate but caused an increase
of the roughness of the substrate. The deformation caused by the sprayed particles was greater than
on other substrates such as steel [39] because of the low hardness of the magnesium substrate used.
In this case, the use of a large spraying distance did not reduce the speed of the particles because they
were still in the HVOF flame, but the heat supplied to the substrate was effectively reduced.
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Figure 3. (a) and (b) SEM-micrographs of HVOF sprayed WC-Co particles on ZE41 magnesium alloy.

3.2. Coatings Characterization

The coatings deposited on the ZE41 magnesium alloy with the parameters indicated in the
experimental section were cross-sectioned and analyzed by SEM (Figures 4 and 5). The high atomic
number difference between the coating and the substrate makes that the coating appears in light contrast,
while the substrate is in dark one.
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The one-layer coating (1L-1) (Figure 4a) coated the entire sample surface but it showed thickness
variations and local defects (arrowed zones in Figure 4b) in which the substrate surface could be more
exposed to the exterior. Also, in these zones, the presence of pores can be seen, while in the other
zones of the coating, there are no visible pores. The average thickness of the WC-12Co layer deposited
was 29.3 ± 8.7 µm and its deposition caused a weight increase of 1.6 × 10−2 g/cm2 (Table 2). To put
this data in context, this mass gain represents a 1% of the mass of the substrate and is equivalent
to have a magnesium thickness increase of 85 µm. Therefore, it is perfectly admissible for most
engineering designs.

Table 2. Morphological features of the different coatings deposited.

Sample Thickness (µm) ∆m/Area
(g/cm2) Porosity (%) Roughness Ra (µm) Adhesion (MPa)

1L-1 29.3 ± 8.7 1.6 × 10−2 2.3 ± 1.4 4.3 ± 0.2 >50
2L-1 45.5 ± 6.7 4.0 × 10−2 0.8 ± 0.2 4.9 ± 0.5 >50
2L-2 69.9 ± 9.8 7.7 × 10−2 4.9 ± 1.6 4.4 ± 0.2 >50
2L-3 57.2 ± 14.2 6.7 × 10−2 2.1 ± 0.5 4.4 ± 0.5 >50

2L-4 60.8 ± 9.1 7.4 × 10−2 7.5 ± 1.3 4.9 ± 0.7 >50

The BSE micrograph of the cross-section of the two-layer WC-12Co coating deposited with the
same spraying conditions (2L-1) is shown in Figure 4c. This coating was continuous, covered the entire
surface of the magnesium alloy and it did not show local defects nor cracks. The coating only increased
the system mass by 4.0 × 10−2 g/cm2.
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The coating thickness was 45.5 ± 6.7 µm and there was no visible difference in the coating between
the two sprayed layers, i.e., each individual layer cannot be distinguished (Figure 4d). The thickness
is about 50% greater than the one-layer coating, but this can be explained by the continuity of the
coating and by the compaction effect suffered by the first layer during the deposition of the second one.
This explains that the porosity of the 2L-1 coatings was below 1 vol.%, while providing a continuous
coating-substrate interface. Moreover, better deposition efficiency was obtained when the sprayed
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particles reached the previously deposited WC-Co layer and it was still hot than when reaching the
cold magnesium substrate.

Other two layers coatings were deposited by changing the gases mixture used. Figure 5 shows the
cross section of 2L-2, 2L-3, and 2L-4 samples, being their O2/H2 ratio 0.34, 0.31, and 0.21, respectively,
and with a nitrogen flow from 12.5 NLPM to 30.0 NLPM (used for particle transport). This was done in
order to determine that the effect of an oxidizing or reducing atmosphere flame has on the composition
and characteristics of the coatings, and the effect of a protective gas on the particles. In the cross section
of the sprayed coatings it can be observed the high roughness effect causing by the impact of the
particles on the magnesium substrate, which generates a penetration of the particles on the substrate
of up to 20 µm. It can be also observed in some zones of the interface coating-magnesium substrate
(marked by arrow in Figure 5a) the formation of a mixing zone for the coating and the substrate
materials, as the mutual penetration of both materials into each other is produced [14].

Figure 5a shows the cross section of the 2L-2 sample. This coating had a thickness of 70 ± 10 µm
and caused a mass increase of 7.7 × 10−2 g/cm2. It can be observed that the degree of porosity is
higher than in the 2L-1 sample (Figure 5a), particularly in the middle of the coating, where the two
layers should merge. The measured porosity value was 4.9% (Table 2), i.e., six times greater than
with lower transport gas flow. It seems that the higher protective nitrogen flow (from 12.5 NLPM to
30.0 NLPM) has limited the temperature of the particles and, therefore, their ductility upon impacting
with the substrate.

Figure 5b,c show the cross section of 2L-3 and 2L-4 samples which were sprayed with a reduced
O2/H2 ratio. Both coatings had similar thickness (about 60µm) and similar mass increase, 7 × 10−2 g/cm2

in this case. No differences were observed in the main characteristics of these two coatings with the
2L-2 one, although the porosity reduced in the 2L-3 case. In this case, the atmosphere was slightly
less oxidizing and, in the case of the 2L-3, the gases mixture was much less oxidizing. In all cases,
the average surface roughness of all coatings was about 4.5 µm.

High adhesion strength values of all coatings to the substrate were obtained in the pull-off

adhesion tests. The adhesive used in the tests cohesively failed without detaching the coatings from
the substrate. For all coatings, average adhesion values higher than 50 MPa were obtained, this is the
resistance of the adhesive and stablishes an inferior limit of the coating adhesion. The substrate surface
preparation by sand blasting and the high deformation level of the magnesium substrate because of the
sprayed powder kinetic energy, observed in the previous SEM micrographs of the coatings, enhanced
their mechanical adhesion.

3.3. Coatings Microstructure

Figure 6a shows the cross section of the 2L-1 coating at higher magnifications. The analysis of
the different zones allows to observe different WC particles morphologies and also differences in the
matrix contrast. In some zones the shape of the WC particles in the coating had geometrical shapes
and were similar to those of the particles before spraying. However, in other zones, some particles had
rounded edges what is indicative of dilution (Figure 6b). Also, the matrix around the rounded particles
(arrow in Figure 6b) had a light contrast that indicates the presence of high mass atoms, suggesting
that the dilution W in the Co matrix is taking place [40].
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In the SEM images, there were no substantial differences between the coatings deposited and
only minor frequency of the rounded particles was observed in the coatings deposited with less
oxidant flames.

To identify and quantify the different phases in the sprayed coatings, all coatings were analyzed by
DRX (Figure 7). The peaks reveal the presence of the WC, W2C, and W phases, being the WC and W2C
the major phases identified in all cases. In addition, a broad diffraction peak between 37◦ and 47◦ can
be observed, and its presence is related with a presence of a quantity of amorphous or nanocrystalline
material [27,41]. The intensity of the W2C peaks in the 2L-1 spectrum is slightly greater than in the
1L-1 spectrum, and in the other two-layers coatings, which suggest a major degree of decarburization.
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where the relative intensities of the most intense peaks of the WC, W2C, and W phases are represented
by IWC, IW2C, and IW, respectively.

The ICR values of the sprayed coatings were 0.65, 0.60, 0.70, 0.74, and 0.85 for 1L-1, 2L-1, 2L-2,
2L-3, and 2L-4, respectively. These results confirm the major degree of decarburization in the two
layers coating using the highest O2/H2 ratio and the greatest gas transport flow. Moreover, when the
coating was manufactured using the lowest O2/H2 ratio and the highest gas transport flow, as occurs
in 2L-4, there is practically no decarburization. This is also related with the lower temperature of the
particles in the flame as it was suggested by the morphology of the coatings.

The decarburization of the WC particles starts in-flight during the spraying process [40]. At elevated
temperatures the mechanisms that control the process are the ones indicated below [43]:

2 WC + O2
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The mechanisms indicated show that in the presence of oxygen, WC is more prone to degradation,
and also, that after diluting, W incorporates into Co intermetallic phases. This correlation is evidenced
in Table 3, were it can be observed that the highest decarburization takes place in the most oxidant gases.
Also, for equally oxidant atmospheres (samples 2L-1 and 2L-2), the reduction in the particle temperature
explains the lower decarburization of the WC particles in 2L-2.

Table 3. Characteristics of the coatings deposited.

Sample O2/H2 Retained C (%) Hardness (HV0.1) Porosity (%)

1L-1 0.34 0.65 1400 ± 50 2.3 ± 1.4
2L-1 0.34 0.60 1380 ± 80 0.8 ± 0.2
2L-2 0.34 0.70 1230 ± 30 4.9 ± 1.6
2L-3 0.31 0.74 1230 ± 120 2.1 ± 0.5
2L-4 0.21 0.85 1050 ± 200 7.5 ± 1.3

Also, Co diffuses in the WC forming intermetallic phases through the following mechanisms [44]:

4 Co + 4 WC + O2
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2 Co6W6C + 10 CO

In our case, the DRX have identified the decarburization of WC but they have not detected the
presence of the intermetallic phases. However, they have been observed by SEM in the shape of W rich
phases (Figure 8) [45]. Also, the presence of dilution and formation of new phases with W in the Co
phase is more frequent in the coatings that have lower porosity (Table 3). The intermetallic phase is
formed at lower temperatures (600–800 ◦C) [46] and the phase distribution suggests that the wetting of
the WC particles and of the Co matrix is high, so that the intermetallic phase filled the voids left by the
hard particles, avoiding the formation of pores in the coatings.

Table 3 resumes the most relevant characteristics measured in the deposited coatings.
Microhardness values measured in cross-section of the different samples were obtained. Values
above 1050 HV were obtained, with values as high as 1380 HV and 1400 HV in the thinner coatings.
These coatings show high hardness values, and are similar to the hardness values of bulk WC-Co
material obtained by sintering [47] and of WC-Co deposited on high melting point substrates such
as steel [34]. Hardness is higher in the coatings sprayed with the more oxidizing flame. This result
can be explained as the combination of two opposite phenomena. On the one hand, the hardness
of the coating depends on the hardness of the different phases involved, which should be higher in
coatings that have retained more C. On the other hand, the presence of porosity is strongly reduced
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by the presence of phases that have been formed as a result of the decarburization of the coating.
Therefore, it seems that the presence of porosity is much more relevant than the differences observed
in the composition of the coatings.
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One of the key points of this study was to deposit WC-Co coatings with high hardness values
without damaging the substrates. Figure 9 shows that for the spraying distance used, no massive
effects were observed in the samples, while using shorter spraying distances local deformation and
even burning of the samples was observed. For the conditions used, only minor changes in the
microstructure of the substrates were observed in the zone adjacent to the coating. 50 µm beneath the
coating (arrowed in Figure 9), there was a partial dilution of the precipitates of the substrate and a
refinement in the microstructure. Also, the modified zone of the magnesium substrate in its top 20 µm
showed a 36% increase in hardness compared to the bulk. These effects indicate that the observed
phenomena was not due to melting, but by plastic deformation induced by the WC-12Co particles
during spraying that result in strain hardening of the substrate material [26,48].
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3.4. Tribological Results

Figure 10 shows optical macrographs and 3D optical profile micrographs of the wear tracks of the
bare substrate and of the coated samples. There is a clear difference between the wear track obtained
in the uncoated substrate (Figure 10a) and those of the coated specimens (Figure 10b–f) in terms of
depth and width of the tracks. Wear track of the uncoated substrate was thick and deep, showing the
low wear resistance of the ZE41 magnesium substrate. The main wear mechanisms observed in the
ZE41 magnesium alloy were oxidation and abrasion, as is has been reported before [26]. The average
depth of the track obtained by 3D optical profiler was 510 µm and the width was 3800 µm.
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The different coated systems effectively protected the substrate against wear after a sliding distance
of 5000 m. The wear tracks observed (Figure 10b–d) in all the coated samples were very soft and only a
change of the surface brightness denoted the presence of the wear test on the surface. For the one-layer
coating (Figure 10b) metallic shine was observed in the wear track, which indicates that the coating
was modified by the wear test and some uncoated zones were exposed to the environment. Despite
this, the 3D optical profiler was not able to resolve the depth and width of this and of none of the other
tracks of the coated systems.

The study of the tracks indicates that the roughness of the coating reduced in the contact zone,
making the tracks brighter than the surrounding coating. However, apart from a modification
equivalent to a polishing, no dimensional changes were observed in any of the systems studied. In the
case of the one-layer coating, the path was less homogeneous than in other cases. This can be explained
by the initial higher heterogeneity of the coating, and it indicates that the 5000 m wear test has not
been capable of modifying it, even in the zones with defects.

The different wear parameters obtained after the test are shown Table 4. In all coated systems,
the steady state friction coefficient obtained was 0.30. In the case of the bare magnesium substrate,
the friction coefficient was 0.38 which is 26.6% greater than in the case of the coated specimens.
The volumetric wear rate of the coated samples is 3 orders of magnitude smaller than the value
obtained for the bare alloy (Table 4). This value further decreased by using a two layers system,
being 8.3 × 10−6 mm3/m for the one-layer coating and 2.6 × 10−6 mm3/m for the 2L-1 coated sample.
The volumetric wear rate obtained when changing the O2/H2 ratio (samples 2L-3 and 2L-4) was similar
to that obtained for 2L-1 sample. However, the increase of the gas transport flow (sample 2L-2) resulted
in the transference of material from the counterbody to the samples.
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Table 4. Results summary of the tribological performance of each specimen.

Sample Friction Coefficient Wear Rate (mm3/m)

ZE41 0.38 ± 0.03 1.0 × 10−2

1L-1 0.29 ± 0.02 8.3 × 10−6

2L-1 0.29 ± 0.01 2.6 × 10−6

2L-2 0.32 ± 0.03 −3.8 × 10−6

2L-3 0.31 ± 0.02 1.3 × 10−6

2L-4 0.27 ± 0.01 2.6 × 10−7

A deeper analysis of the wear tracks of the coatings was made using SEM and a slight deterioration
of the coatings was observed. Figure 11a,b show the surface wear tracks for the one-layer coating and
two-layers coating, respectively. In both cases, and more visible at higher magnifications (Figure 11c,d),
it can be observed that there are continuous bright zones and cracked darker ones.
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EDX analysis, results are summarized in Table 5, showed that brighter zones (zone 1) are rich
in W (78.6 wt.% of W), so that they correspond with the intermetallic precipitates formed during
the spray and that have been identified as Co6W6C and Co6W4C. In these zones, the amount of
oxygen was very limited. On the other hand, the darker zones (zone 2) had about 30 wt.% of oxygen.
This indicates the presence of a tribolayer, which is the result of the wear debris attachment during
the dry sliding tests. This oxide zone is formed due to the high temperature reached at the sliding
contact between the surface and the counterbody [18]. Some zones of the oxide layer were partially
covered by the metallic part of the tribolayer (circled in Figure 11d) suggesting a higher ductility of
this metallic part with respect to the oxidized one. Furthermore, some soft scratches are seen on this
metallic zone (arrow marked in Figure 11d), revealing some contribution of abrasion mechanism in the
wear of the sample.
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Table 5. Chemical composition in wt.% of different zones of the wear track of the 2LWC coating.

Element Zone 1 (wt.%) Zone 2 (wt.%)

W 78.5 52.0
O 6.1 31.5
Co 10.4 4.5
C 5.0 11.9

Therefore, wear in the coatings was the result of different wear mechanisms: (i) An initial wear
stage in which the coating asperities are deformed and subsequently detached, forming the wear debris;
(ii) ploughing for abrasion of the debris particles, and (iii) oxidative wear.

As a result of the wear tests it can be determined that the presence of high roughness values and
defects in the one-layer coating was not a problem and that it protected the substrates from wear.
It can be explained as a result of a combination of a very hard coating with small size defects in it,
so the hardness avoids the contact of the deeper and uncoated zones with the counterbody even in the
vicinity of the defects, and that this does not participate in the propagation of defects during wear.
This makes that defects, so they do not contribute to the wear of the coating.

In any case, the use of these coatings provided up to 99% more wear resistance than uncoated
ZE41 magnesium alloy.

3.5. Electrochemical Test

Figure 12 shows the anodic-cathodic polarization curves of the different coated systems and of
the uncoated substrate after 1 h of immersion in 3.5 wt.% NaCl water solution at room temperature.
The 1L-WC-1 coating only ennobled the potential to a value −1.3 V and it showed very high current
densities for every potential, even greater than those of the uncoated substrate. The value of the
1L-WC-1 can be explained not only by means of the interaction between the saline solution and the
substrate, but also by the formation of galvanic couples between the substrate and the metallic and
intermetallic phases formed in the defective coating.
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The two-layers coated samples showed increases in the corrosion potential of up to 0.9 V, from
−1.493 V for the ZE41 magnesium alloy to −0.605 V for the 2L-2 coating. In these cases, there was
no sign of interaction between the substrate and the solution and the values obtained seem to be
only related with the interaction between the coating and the chloride media, showing a corrosion
protection capability in theses coatings. The differences in the values can be explained by means of the
species that are formed in the coatings, particularly the presence of intermetallic precipitates in the
2L-2 may explain their high corrosion potential. In the other coatings, the retained carbide was higher
than that and the presence of Co is more relevant. This makes that their corrosion potential is closer to
the value of Co, which is ~1.0 V [49].

The analysis of the corrosion current density values reveals the different corrosion behavior of the
tested specimens (Table 6). ZE41 magnesium alloy suffered a great corrosion attack in the first hour in
contact with the electrolyte with a corrosion current density of 17.9 µA/cm2. The single layer coating
increased the corrosion current density by two orders of magnitude with respect to the uncoated
specimen to 1250.0 µA/cm2. As indicated before, the presence of defects in the coatings, the presence
of metallic and intermetallic phases and diffusion across the coating accelerate the corrosion reactions
due to the formation of galvanic couples that extend the corrosion process through all tested surface.

Table 6. Corrosion potential and current density obtained for the different specimens after 1 h of
immersion in the electrolyte.

Sample Ecorr (V) icorr (µA/cm2)

ZE41 −1.493 17.9
1L-1 −1.331 1250.0
2L-1 −0.950 7.3
2L-2 −0.605 8.6
2L-3 −0.852 3.9
2L-4 −0.922 22.1

The two-layers coatings 2L-1, 2L-2, and 2L-3 have a totally different corrosion response.
They reduce the corrosion current density of the bare substrate by up to 78%, from 17.9 µA/cm2

to 3.9 µA/cm2 in the first hour, revealing a protective behavior against corrosion. The 2L-4 has similar
corrosion current density than the magnesium alloy. This coating showed the highest porosity of the
manufactured samples, and the presence of interconnected porosity in the coating would allow the
electrolyte to reach the magnesium substrate and allow the corrosion of the substrate.

Figure 13 shows the general aspect of the different samples after 1 h of immersion in the electrolyte
solution and after the electrochemical corrosion test. In the ZE41 magnesium surface a great corrosion
attack can be observed in almost the whole exposed surface (dark zones in Figure 13a), and the
release of corrosion products occurs. The surface of the 1L-1 specimen (Figure 13b) also revealed an
extended corrosion attack. In this case, apart from the damage in the coating, many white corrosion
products were formed on the surface. They consisted of magnesium hydroxide, Mg (OH)2, and indicate
that corrosion is taking place in the magnesium substrate beneath the coating. In the two-layers
coatings (Figure 13c–f) there was no significant attack in the surface and no magnesium corrosion
products appeared. This indicates that these coatings were not degraded by the chloride solution and
that the chloride solution did not reach the magnesium substrate.



Coatings 2020, 10, 502 17 of 21
Coatings 2020, 10, x FOR PEER REVIEW 17 of 21 

 

 
Figure 13. Plan view macrographs of the different coatings after the anodic-cathodic corrosion tests 
(scales in mm) (a) uncoated substrate and the different coated samples (b) 1L-1, (c) 2L-1, (d) 2L-2, (e) 
2L-3, and (f) 2L-4. 

The evolution of the Rp values of the different manufactured coatings and for the ZE41 
magnesium alloy with time are shown in Figure 14a. Magnesium alloy and the 1L-1 coating system 
had the lowest Rp values for every testing time throughout the test. In both cases, a little increase of 
the polarization resistance with immersion time was observed. This can be attributed to the formation 
of a semi-protective oxide layer that slightly reduced the corrosive process, as it has already been 
observed by other authors for other magnesium alloys [18,50]. It is evident that a non-homogeneously 
one-layer coating promotes the corrosion of the substrate. 

 
Figure 14. (a) Polarization resistance (Rp) values vs. immersion time in the NaCl 3.5 wt.% of the 
uncoated ZE41 magnesium alloy and the WC-Co coated systems. (b) Relation between Rp and icorr 
values at 1h immersion with porosity degree for the different two-layers coated samples. 

The different two-layers coatings had a high polarization resistance after 1 h of immersion. The 
value decreased after 6 h in contact with the electrolyte in all cases but, in any case, this value still 
was 40 times greater than the value of the uncoated specimen. At 1 h of immersion time, the highest 
Rp value was reached by 2L-1 sample (11000 Ω·cm2), which corresponds with the two-layers sample 
having the lowest degree of porosity. This value decreased with the increase of the immersion time, 
but the corrosion protection of the coating slightly increased after 72 h in the electrolyte solution. This 

Figure 13. Plan view macrographs of the different coatings after the anodic-cathodic corrosion tests
(scales in mm) (a) uncoated substrate and the different coated samples (b) 1L-1, (c) 2L-1, (d) 2L-2,
(e) 2L-3, and (f) 2L-4.

The evolution of the Rp values of the different manufactured coatings and for the ZE41 magnesium
alloy with time are shown in Figure 14a. Magnesium alloy and the 1L-1 coating system had the
lowest Rp values for every testing time throughout the test. In both cases, a little increase of the
polarization resistance with immersion time was observed. This can be attributed to the formation of a
semi-protective oxide layer that slightly reduced the corrosive process, as it has already been observed
by other authors for other magnesium alloys [18,50]. It is evident that a non-homogeneously one-layer
coating promotes the corrosion of the substrate.
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uncoated ZE41 magnesium alloy and the WC-Co coated systems. (b) Relation between Rp and icorr

values at 1h immersion with porosity degree for the different two-layers coated samples.

The different two-layers coatings had a high polarization resistance after 1 h of immersion.
The value decreased after 6 h in contact with the electrolyte in all cases but, in any case, this value
still was 40 times greater than the value of the uncoated specimen. At 1 h of immersion time, the
highest Rp value was reached by 2L-1 sample (11,000 Ω·cm2), which corresponds with the two-layers
sample having the lowest degree of porosity. This value decreased with the increase of the immersion



Coatings 2020, 10, 502 18 of 21

time, but the corrosion protection of the coating slightly increased after 72 h in the electrolyte solution.
This behavior can be associated to the formation of a corrosion products layer that protect the system and
slightly decrease the corrosion process. After 72 h the value started to decrease because of the cracking
of the corrosion products. After 168 h the value was similar than the uncoated magnesium substrate.

The Rp value of the two-layers coatings decreases with the increase of the porosity degree,
while the icorr values obtained increase with the increase of the porosity degree, as shown in Figure 14b.
The presence of porosity, and, in some cases, of the interconnected porosity, allows the electrolyte
to penetrate through the coating, reaching the magnesium substrate, producing its degradation,
decreasing its polarization resistance (micro-crevice corrosion), and increasing its corrosion density.
In all cases, the increase in the immersion time decreases the Rp value, until reaching the value obtained
for the bare alloy after 168 h in the electrolyte solution.

At the lowest immersion times the most important parameter that affects the corrosion behavior
is the compactness of the coating, but at longer times the corrosion attack starts due to the formation
of galvanic couples at the surface of the coatings. As shown, the different spraying parameters used
produce differences in the decarburization degree, showing the highest value of decarburization when
using the highest O2/H2 ratio and the lowest gas transport flow (2L-1 sample). So, the top of the
coatings is constituted by WC particles embedded in a Co matrix (with W and C), with different
compositions. The dissimilar composition of the coating surface produces the formation of a galvanic
cells between the Co matrix, that acts as an anode, and the WC particles, that act as a cathode, as well
as with the presence of intermetallic precipitates and the Co matrix [40,51]. Thus, the decomposition
of the WC particles and the consequent variation of the matrix composition produced during the
spraying process makes its surface more vulnerable to the electrochemical attack and producing the
final failure of the coating, as it occurs in 2L-1 and 2L-3 samples.

The optimal WC-12Co coating for the corrosion protection was obtained using spraying parameters
of two layers, a O2/H2 ratio of 0.34 and a gas transport flow of 12.5 NLPM, because they minimize both
the porosity and the decarburization degree.

4. Conclusions

WC-12Co coatings have been successfully deposited by HVOF on low melting ZE41 magnesium
alloy. Only a partial dilution of the precipitates and a refinement of the microstructure in the
substrate-coating interface were observed, showing an increase of 35.6% in their hardness compared to
the bulk.

Thin coatings with thicknesses from 29 µm, for one-layer coating, to 70 µm for two-layers coatings
were obtained. One-layer coating showed defects in the continuity of the coating while the two layers
the coatings were continuous, covered the entire of the sprayed surface and had high adhesion to
the substrate. The thickness of the coatings increased with the gas transport flow. The O2/H2 ratio
used in the spraying process produced changes in the porosity of the coatings; the lowest amount was
obtained using a ratio of 0.34.

WC, W2C, and W intermetallic phases were observed in the coatings. The highest degree of
decarburization was obtained for the two layers coating deposited using the highest O2/H2 ratio and
the lowest gas transport flow. Decarburization was practically avoided when using the lowest O2/H2

ratio (0.21) and the highest gas transport flow (30 NLPM).
All deposited coatings provided wear resistance; wear rates of the coatings were 104 times smaller

than for the magnesium substrate. The presence of defects in the one-layer coating did not have any
effect on the behavior of the coatings.

All two-layers coated samples increased the corrosion potential of the ZE41 magnesium alloy
and reduced their corrosion current density to a 22% of the uncoated one. Two-layers coating with
the lowest degree of porosity effectively protected the substrate for at least 96 h in contact with
3 wt.% NaCl solution, reducing corrosion current density by one order of magnitude. In the other
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coatings, the presence of porosity allowed the diffusion of chloride ions and corrosion took place in the
coating-substrate interface.

Defects in the one-layer coating caused an increase of the corrosion rate because of the contact of
the saline solution with the Mg substrate and the subsequent formation of galvanic couples. Therefore,
this coating that is light and adequate for wear protection is not valid for the corrosion protection
of magnesium substrates. The thickest and densest two-layers coatings provide both corrosion and
wear protection to the magnesium substrate and demonstrates the validity of using HVOF as a low
heat input.
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