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Abstract: A series of electrochemical and long-term corrosion tests were carried out in a neutral saline (5% NaCl) vapor of 35 °C on 
thermal sprayed WC cermet coatings containing different kinds of metallic binders in order to examine the effect of composition of 
binder materials on the corrosion behavior. The experimental results revealed that the overall corrosion resistance of WC−Co coating 
was inferior to that of WC−Co−Cr coating. For the coatings without Cr, WC−Co, general corrosion occurred in binder materials in 
addition to galvanic corrosion between WC particles and metallic binders in the neutral environment. By contrast, the formation of 
passive film in the form of surface oxide in the coatings containing Cr, WC−Co−Cr, suppressed the binder and metallic binders to be 
eroded. It is found that the chemical composition of metallic binder materials is one of the important factors influencing the corrosion 
resistance of HVOF sprayed WC cermet coatings in the neutral vapor. 
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1 Introduction 
 

Thermal spray coatings, and in particular those 
applied to the high velocity oxy-fuel (HVOF) process, 
are being used in a diverse range of engineering 
applications to extend component life by impeding wear 
degradation due to their excellent microstructure. Since 
their inception [1,2], thermal spray technologies have 
been the subject of some studies involving optimization 
of process parameters to consistently yield coatings with 
good bond strength, minimum residual stress and low 
porosity. Of several thermal spray coating materials 
consisting of tungsten carbide (WC) particles with 
metallic binders of Co or Co−Cr have been paid much 
attention due to their excellent combination of wear 
resistance and high temperature mechanical properties 
[3]. To apply such excellent coatings to the components 
used in severe and aggressive service environment [4], 
however, they must exhibit the acceptable corrosion 
resistance. Up to now, there is many systematic studies 
on corrosion of ship structures in marine atmosphere 
[5−8]; however, little information is available on the 
corrosion response of thermal sprayed WC cermet 

coatings, particularly those with metallic binders 
containing Cr, in such a saline vapor. Accordingly, this 
study provides a detailed account of the corrosion 
characteristics on the HVOF-sprayed WC−Co and 
WC−Co−Cr coatings in the saline vapor (5%) at 35 °C. 
In all tests reported in this work, the corrosion 
behaviours of both the WC−Co and WC−Co−Cr coatings 
are compared under scrutiny, paying a special focus on 
the effect of Cr added to binder materials. 
 
2 Experimental 
 

Two kinds of binder materials were used in the form 
of composite powders with WC, and their characteristics 
are listed in Table 1, where no other elements exist but 
elements listed. Scanning electron microscopy (SEM) 
images of both the reference powders of WC−Co and 
WC−Co−Cr are shown in Fig. 1, where the powders are 
near-spherical with little porosity. The S45C steel 
(Fe−0.45C−0.35Si−0.9Mn, mass fraction, %) was used 
as substrate materials for two coatings and was 
roughened by hitting from emery before spraying. 
Thermal spraying coating was carried out by using     
a HVOF spraying system (GTV in Germany) with the 
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processing conditions given in Table 2. The fuel was 
kerosene. The thicknesses of the coating layers were 
controlled in the range of 280−320 µm. 

The cross-sectional micrographs were observed by 
SEM and back scattered electron detection (BSED). 
SEM images of surfaces of both the coating layers were 
obtained. The area fraction of pores, hardness and 
fracture toughness of each coating layer were measured 
on the image analyzer, the Vickers microhardness tester 
(HXD 1000TM) and Vickers tester (HV−10B), 
respectively. The porosity was averaged from 5 
measurements at different positions. The phases 
presented in the coating layers were identified with 
X-ray diffractometer (DX 2600) with Cu Kα radiation. 
Step scanning with a step size of 0.05° and a scanning 
rate of 1 s was carried out to analyze crystalline 
components of the coatings. 

The electrochemical behavior at 35 °C was 
examined in the neutral saline of 5% NaCl with the 
potentiostat/galvanostat facility (LK98A). The electro- 
chemical tests included mainly the potentiodynamic test, 
which was performed at a scanning rate of 3 mV/s in the 
range of −1 to 1 V. Polarisation tests involved a three- 
electrode electrochemical cell. The saturated calomel 
electrode (SCE) and a platinum plate were used as a 
reference electrode and a counter electrode, respectively. 
The current in an external circuit between the specimen 
and a platinum counter electrode was measured as a 
function of potential. 

The samples for electrochemical tests were 
encapsulated in a non-conducting epoxy resin with the 
rear side of the specimen soldered to a wire. The 
specimens were ground and polished. The specimen/ 
resin interface was painted with a sealing lacquer to 

 
Table 1 Characteristics of present coating materials 

Composition (mass fraction)/% 
Designation 

Co Cr Others 
Powder size/µm WC size/µm Manufacturing 

WC−Co 17 0 0 15−45 2−3 

WC−Co−Cr 10 4 0 15−45 1−2 
Spray-drying and sintering

 
Table 2 HVOF spraying conditions 

Fuel Oxygen Ar 
Rate/(L·min−1) Pressure/MPa Rate/(L·min−1) Pressure/MPa Rate/(L·min−1) Pressure/MPa

Spraying 
distance/cm 

Powder feeding
rate/(g·min−1)

25 1.8 900 2.23 7.5 0.8 35 1.3 

 

 
Fig. 1 SEM micrographs of both reference powders: (a), (b) WC−Co; (c), (d) WC−Co−Cr  
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prevent any contribution from the corrosion of          
the substrate via penetration of liquid down the  
substrate. 

For the analysis on corrosive features of the 
coatings, each sample was exposed to the neutral 5% 
NaCl vapor at 35 °C for 400 h, and then the 
morphologies of both the two coating layers were 
observed by using a JSM−6490LV SEM imager with a 
standard energy dispersive spectrometer (GENESS 
2000XMS). Those analyzed technologies were used 
extensively before and after corrosion test to assess the 
extent and mechanisms of corrosion. The corrosion rates 
were calculated via Faraday’s law from the corrosion 
current density (Jcorr) obtained from Tafel extrapolation 
[9−11]. 
 
3 Results and discussion 
 
3.1 Microstructure of coating layers 

The cross-sectional microstructures of the coating 
layers are shown in Fig. 2. The cross-sectional 
micrographs with a low magnification (Figs. 2(a, c)) 
revealed a good adhesion between the dense coating 
layer and the substrate for all the specimens. High 
magnification images by the back scattered electron 
detector (BSED) (are shown in Figs. 2(b, d)). Figure 2 
presents that the sprayed coating layers have a uniform 
and lamellar structure with a low porosity and a little 
bigger WC (black arrowed) due to the accumulation of 
the high speed molten or unmolten particles on the 

substrate. The semi-molten particles (fine black arrowed) 
and microcracks can be observed from the surface 
micrographs of the coating layers (Fig. 3). The high 
velocity impact of semi-molten coating materials on the 
substrate accompanies with severe plastic deformation 
and rapid solidification and therefore thermal spray 
coating layers are likely to possess inevitable pores 
(coarse black arrowed) and microcracks. The porosity in 
terms of the area fraction of pores, microhardness and 
fracture toughness of each layers was compared and is 
listed in Table 3. The porosities of both two coating 
layers are very low, approximately 0.9%. Previous 
corrosion studies [12−14] on plasma-sprayed coatings 
have manifested that they almost always had inherent 
interconnected porosity, which leads to the substrate 
dominating the corrosion behaviour. However, for 
HVOF-sprayed coatings the porosity level can be as low 
as 1%, as shown in Table 3, which means that 
interconnected porosity is no longer the main issue in the 
corrosion behaviour of a coating/substrate system. 

Many studies have shown decarburization of WC 
coating powders during coating process. Figure 4 
illustrates  the  XRD  patterns  of  powders  and  the 
 
Table 3 Microhardness and fraction of pores of each coating 
layer 

Coating HV200 Porosity/% Fracture toughness/ 
(MPa·m1/2) 

WC−Co 1157.46 0.85 6.08 
WC−Co−Cr 1161.19 0.92 3.92  

 

  
Fig. 2 Cross-sectional SEM (a,c) and BSED images (b,d) of both coating layers: (a), (b) WC−Co; (c), (d) WC−Co−Cr 
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Fig. 3 SEM images of both coating layers: (a), (b), (c) WC−Co; (d), (e), (f) WC−Co−Cr 
 

 
Fig. 4 XRD patterns of powders and corresponding as-HVOF sprayed coatings: (a) WC−17Co; (b) WC−10Co−4Cr 
 
corresponding HVOF sprayed coatings. The coatings 
contain W2C, which was formed by the loss of carbon 
during spraying process. For the coating layers 
containing Cr, W2C was not detected. Accordingly, it is 
most probable that Cr in the form of Cr3C2 particles can 
suppress the decomposition of WC to a certain degree 

during high temperature spraying process. 
 
3.2 Electrochemical behavior 

Figure 5 shows the potentiodynamic polarization 
curves of the present coating layers and the substrate in 
the 5% NaCl vapor of 35 °C. The corrosion potential and 
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corrosion current density of both two coating layers are 
shown in Table 4. It can be seen that the corrosion 
potential of the WC−Co−Cr coating layer (−220 mV) 
was higher than that of the others due to the passive 
phase forming effect of Cr. It can be seen that the 
coatings inhibited the anodic current densities 
prominently while the cathodic current densities were not 
affected substantially. Furthermore, the S45C steel 
showed the highest anodic dissolution rate, while the 
WC−10Co−4Cr coating exhibited the smallest anodic 
dissolution rate. The anodic dissolution rate for the 
WC−17Co coating fell in between two observations. Put 
the other way, the S45C steel showed an active corrosion 
behaviour, the coatings displayed an electrochemical 
response which is totally active initially followed by 
totally passive. 

 

 
Fig. 5 Potentiodynamic polarization curves of coating layers 
(containing Cr or not) and substrate 
 
Table 4 Electrochemical behavior of each coating layer and 
substrate 

Coating 
Corrosion 

potential/mV 
Current density/ 

(A·cm−2) 
S45C steel −750 10−5 

WC−Co −500 10−6 

WC−Co−Cr −220 10−7 

 
As shown in Fig. 5, the potentiodynamic 

polarization curves of the coating layers were similar to 
each other, which was different from the substrate. For 
the curves of the coating layers, the current density 
exhibited the initial exponential increase with increasing 
the potential and then remained nearly unchanged with 
further increase of potential. The corrosion potential of 
WC−Co−Cr (about −220 mV) was higher than that of 
WC−Co (approximately −500 mV). Compared to the 
substrate of S45C steel, the curve (the potential<−500 
mV) was similar to that of the coating at active zone and 
then passive film formed on the surface at passive layers, 

that is, the substrate experienced severe corrosion zone. 
After that, the current density of the substrate 
experienced a sharp increase with the increasing of 
potential from just above 0.003 A/cm2 to about 0.02 
A/cm2 and then remained nearly unchanged. This 
indicates that the substrate occurred to the spot corrosion, 
resulting in the destroy of the film, and experienced the 
severe spot corrosion again. Figure 5 shows clearly that 
the passive corrosion behaviour of the S45C steel 
substrate does not resemble to the corrosion behaviour of 
the coatings and the differences of the electrochemical 
response of the coatings arise from the different 
multi-phase microstructure of the corroding coatings. 
 
3.3 Corrosion resistance 

The representative SEM and BSED micrographs of 
the surface of each coating layer after the 400 h 
corrosion test (exposed to the saline vapor) are presented 
in Fig. 6. The considerable small pits because of WC 
particle isolated and protruding hard particles as matrix 
corrosion were observed on the surface of the coating 
layers without Cr while those were relatively 
insignificant on the surface of the coating layers 
containing Cr. As can be seen from Figs. 6(b) and (e) that 
the size of holes is approximately 2 µm, the same as that 
of WC particles shown in Table 1. It is assumed that 
these holes formed as WC particles isolated. In the 
corrosion environment, a number of holes indicating the 
WC particles (as shown in Fig. 6(b)) showed the 
corrosion initiating at the carbide/metal interface (as 
shown in Fig. 6(c)), causing the weak adhesion between 
particles and matrix, and the particle isolated at last. It 
was reported that for the WC−Co coating layer [15], a 
selective dissolution of matrix firstly occurred regardless 
of the pH of the solution, and such local selective 
dissolution of matrix resulted in the WC particle isolated. 
In addition, the galvanic corrosion between WC particles 
and Co binder is expected to accelerate the WC particle 
isolated [16]. 

These microcracks were found to form in the Co−Cr 
binder matrix (as shown in Fig. 6(d)), where the crevice 
corrosion occurred easily, resulting in islands forming on 
the surface, thus causing the weak bond strength at the 
carbide/matrix interface (as shown in Fig. 6(f)). Figure 
6(e) shows some pores resulting from extensive removal 
of the hard phases. Of the coating layers, the surface of 
the WC−Co−Cr coating layer (as shown in  Fig. 6(d)) 
keeps relatively good condition even after a long 
corrosion time. Accordingly, it is most probable that Cr 
in the form of Cr3C2 particles can be dissolved into 
binder material during high temperature spraying process. 
Then, the dissolved Cr is likely to form the passive phase 
possessing a high potential to prevent binder materials 
from dissolution in the corrosion process. 
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Fig. 6 Representative SEM and BSED micrographs of surfaces of both coatings after saline corrosion test: (a), (b), (c) WC−Co; (d), 
(e), (f) WC−Co−Cr ((b) is magnified image of holes black circles in Fig. 6 (a)) 
 

It can be concluded that the saline corrosion 
mechanism for both coating layers is the same as the 
matrix, further corrosion at the interface between WC 
grain and matrix would result in the loss of the WC from 
the binder matrix. The only difference is the corrosive 
rate of binder matrix of two coatings. 
 
4 Discussion 
 

The corrosion process is concentrated at the 
metallic/cermic interfaces for WC−Co coating and 
microcracks as crevice corrosion or/and inherent 
microcracks during spraying process for WC−Co−Cr 
coating. The potential gap between WC particles and 
binder matrix in WC−Co coating is bigger than that in 
WC−Co−Cr coating, and the interface between the WC 
phase and the matrix provides a site for micro-galvanic 
and/or crevice corrosion, thus the galvanic corrosion is 

more significant in WC−Co  coating. Since WC hard 
phase particles have a very low corrosion rate [17], it is 
assumed that it is the metal phase attacked 
electrochemically in the saline vapor. Once the matrix 
corrodes, more prominently at the interface with the hard 
phase, these particles isolated with small pits left, as seen 
in Figs. 6(b) and (e). It is evident that once carbide 
removal occurred, the surface periodically becomes one 
of entire matrix (i.e. Co for WC−Co coating and Co/Cr 
for WC−Co−Cr coating) composition. The subsequent 
corrosion behavior will then be dependent on how fast 
corrosion rate to penetrate to the next layer of carbides in 
terms of different matrix composition. During spraying, 
phase transformation can result in the formation of W2C 
or elemental tungsten, as well as amorphous material or 
new phases caused by the diffusion of carbon and 
tungsten or added chemical elements. Thus, the multiple 
phases within the corroding matrix could contribute to 
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the non-uniform rate at which it corrodes. It is found that 
chemical composition of metallic binder materials is the 
important factor influencing the corrosion resistance of 
the HVOF sprayed WC cermet coatings in the neutral 
saline vapor. The formation of new phases due to 
addition of new element is main element to decide the 
rate of corrosion on HVOF sprayed coatings. 
 
5 Conclusions 
 

1) The basic corrosion mechanisms of HVOF 
sprayed WC−Co and WC−Co−Cr in the saline vapor 
environment were elucidated. Corrosion at the 
carbide/matrix interface results in extensive removal of 
the hard phase. 

2) The corrosion rate of the thermal sprayed coating 
layers is primarily determined by the composition of 
matrix which provides toughness and adhesion of coating. 
For WC cermet coatings, the addition of Cr to binder 
materials improved the corrosion resistance in saline 
environment. 
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含有金属黏结相的热喷涂 WC 涂层 
在盐雾中的腐蚀行为 
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摘  要：研究黏结相化学成分对涂层材料的耐盐雾腐蚀性能的影响，对采用超音速火焰喷涂制得的 WC−17Co 和

WC−10Co−4Cr 涂层进行电化学试验和长时间的盐雾腐蚀实验(浓度为 5%的 NaCl 溶液，温度 35 °C)。结果表明：

WC−10Co−4Cr 涂层的耐盐雾腐蚀性能优于 WC−17Co 涂层。对于 WC−17Co 涂层，主要腐蚀行为除了粘结金属的

腐蚀外还包括 WC 颗粒与粘结相金属之间发生的微点偶腐蚀；对于 WC−10Co−4Cr 涂层，形成的氧化物有利于抑

制金属相与粘结相的腐蚀。说明金属材料成分是影响超音速火焰喷涂WC基涂层耐盐雾腐蚀性能的重要因素之一。 

关键词：WC−17Co；WC−10Co−4Cr；腐蚀防护；耐腐蚀性能；电化学行为 
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