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HVOF SPRAYED CARBIDE COATINGS 

J. Trpčevská, W. Žorawski, D. Jakubéczyová, J. Briančin, E. Zdravecká 

Abstract 
High velocity oxy-fuel (HVOF) spraying is now frequently used to 
produce high quality WC-Co coatings on surfaces which are subjected to 
certain kinds of wear in service. The available literature on thermally 
sprayed WC-Co coatings is considerable, but it is difficult to synthesize 
all of the findings. This is due to the many different starting powders, 
spray system types, spray parameters, and other variables that influence 
the coating structures and cause difficulties when comparing results from 
different workers. To ensure the performance of sprayed cermet coatings 
it is essential to understand failure mechanism of the substrate-coating 
system. In the present work, two different thermal spray coatings - 
tungsten carbide-based and chromium carbide-based coatings deposited 
by HVOF and plasma processes were studied. 
Keywords: coatings, HVOF, WC-Co, Cr3C225(Ni20Cr) 

INTRODUCTION 
Thermal spray processing is a well established means of forming coatings of 

thicknesses greater than about 50 μm, so-called thick coatings. Thermal spraying is often 
used to create coatings protecting parts against physico-chemical aggressions or improving 
superficial mechanical properties. A wide range of materials can be thermal sprayed for a 
variety of applications, ranging from gas turbine technology to the electronics industry. 
There are many variations of thermal spraying technology. In flame spraying the 
combustion of fuel gas is used to heat the material. In atmospheric plasma spraying (APS) 
the material is melted and accelerated in a plasma jet. To avoid oxidation of the feed 
material, spraying can be carried out in an inert gas atmosphere, at a reduced pressure 
(known as vacuum plasma spraying VPS or low pressure plasma spraying LPPS). In wire 
arc thermal spraying, material is melted in an electric arc and sprayed towards the work 
piece to form a coating. In high velocity oxy-fuel spraying (HVOF), material is injected 
into a high velocity jet generated by burning a fuel mixed with oxygen at high pressure 
[1,2].  

In the thermal spraying process, heated and melted particles are propelled towards 
a substrate where they are flattened and quenched very rapidly. A thermal sprayed coating 
consists of layers of splats which have a lamellar cross section. Typically the cooling rate of 
each splat is somewhere in the vicinity of one million degrees per second. This rapidly 
quenched microstructure can have unique characteristics quite unlike those produced by 
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conventional processing techniques e.g. the extension of solid state solubility, refinement of 
grain size, formation of metastable phases and a high concentration of point defects. 

Compared to traditional surface modification processes, thermal spraying offers 
greater thickness capability, no part size restrictions, it can be performed in situ, and it 
produces minimal noxious waste. High processing temperatures allow deposition of many 
high melting point materials onto a relatively cold substrate. 

 

THERMAL SPRAYED CARBIDE COATINGS 
Carbide coatings are composed of metallic matrix containing carbide particles. 

Such compositions allow the properties of metals to be maintained (toughness and ductility) 
and ceramic (carbide) type materials (high hardness). Tungsten carbide based cermets are 
used in applications working at a relatively low temperature to 500°C and in non corrosive 
environments. Chromium based carbides can be applied in aggressive atmospheres and 
high-temperature (till 900°C) conditions. These coatings can be produced by different 
thermal spraying processes such as: detonation, HVOF or plasma spraying. Their final 
properties are in close relation with the applied spraying technology, so coating 
performance strongly depends on the microstructure of the coatings. The main parameters 
influencing their properties are carbide grain size and binder mean free path. 

WC-Co cermets are used extensively for numerous wear-resistant applications in a 
variety of industrial environments. Several factors such as carbide grain size, cobalt and 
carbon content play an important role in determining the wear performance. The carbon 
content is usually carefully controlled during the sintering of the cermets. In general, an 
alloy with a high retention of tungsten monocarbide and metal cobalt in WC-Co cermets is 
desirable. The wear resistance of cermets generally increases as the volume fraction of 
cobalt decreases and increase dramatically as WC grain size is reduced.  

 Thermally sprayed WC-Co coatings of thickness of 200 – 400 μm are widely used 
to protect the components from sliding, abrasion, fretting and erosive wear as they offer an 
effective and economic method of dealing with wear resistance without compromising 
other attributes of a component. High-velocity oxy-fuel (HVOF) spraying has shown itself 
to be one of the best methods for depositing conventional WC-Co feedstock powders, 
because the higher velocities and lower temperatures experienced by the powder particles 
result in less decomposition of the WC during spraying. Consequently, this results in higher 
quality, more wear-resistant coatings, with higher levels of retained WC and less porosity 
[3]. 

Several compositions ranging mostly from 12 to 18% Co are commercially 
available and numerous studies have reported the changes in hardness and wear properties 
in relation to these compositions. A great number of parameters influence the functional as 
well as adhesive properties of thermally sprayed coatings. The principal function of WC-Co 
coatings is to resist severe wear environments. To meet the tribological requirements, the 
coated materials must possess a suitable combination of properties, and adhesion is one of 
them [4,5,7]. Since thermal spray coating integrity relies primarily upon mechanical 
bonding to the substrate, it is critical that the substrate be properly prepared in order to 
ensure maximum bond strength. Cleaning, drying and grit blasting of the substrate have 
been the three steps involved in surface preparation procedure prior to any thermal spray 
process. Roughening of surfaces by using the grit blast process, as a method to improve 
adhesion, is a controversial topic in literature [6]. It was stated that thermal sprayed 
coatings, without exception, have significantly higher bond strength to surfaces which have 
been previously grit blasted. On the other hand, Richard et al. have explained that an 
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increase in roughness induces an increase in residual stresses near the interface and, 
consequently, a decrease in adherence. In the study [8] there was developed a method for 
the characterization of adhesion and of coating damage phenomena, based on a double 
analysis of the results of four point bending tests realized on thermally WC-Co coated 
specimens. 

Studies [9] relating to failure modes of coatings indicated that three distinct modes 
of failure, i.e. cohesive delamination, adhesive delamination and abrasion can lead to 
coating failure. There, the term cohesive delamination was defined as delamination within 
the coating microstructure, whereas adhesive delamination was defined as the delamination 
at the coating substrate interface. Similarly, abrasive failure was defined as the failure 
caused by miropitting on the surface of the wear track. It is possible to combat interfacial 
delamination of thermally sprayed cermet (WC–Co) coatings by appropriate selection of 
coating thickness. 

EXPERIMENT 

Material 
Two carbides produced by Sulzer-Metco; tungsten carbide WC12Co (Diamalloy 

2006) and chromium carbide Cr3C225(Ni20Cr) (Diamalloy 3004), were used. Morphology 
of powder particles and particle size distribution of powders used are presented in Fig.1 and 
Fig.2. 
 

  
Fig.1. Morphology of powder particles: a) WC12Co, b) Cr3C225(Ni20Cr). 

  
Fig.2. Particle size distribution of a) WC12Co, b) Cr3C225(Ni20Cr). 

a) b
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Plasma and HVOF spraying 
The plasma spray process was carried out with a Plancer PN-120 gun equipped 

with the Thermal Miller 1264 powder feeder. The plasma generated for plasma spraying 
incorporated a mixture of argon (primary plasma gas) and hydrogen (secondary plasma 
gas), the latter constituting 7%. The plasma spray parameters are given in Tab.1.  

The HVOF thermal spray process was performed using a Sulcer Metco Diamond 
Jet gun supplied with propane and oxygen. The HVOF spray parameters are shown in 
Tab.2. 

For the metallographic examination, the coatings were deposited on thin flat 
samples in low-carbon steel with dimensions of 50mm x 25mm x 5 mm. Before the spray, 
the substrate had to be degreased and grit blasted with electrocorundum EB-12 at a pressure 
of 0.5 MPa. The height of the coatings after grinding was 0.3 mm. 

Tab.1. Plasma spraying parameters. 

PARAMETER VALUE 
Current, [A] 550 
Voltage, [V] 55 
Plasma gas pressure, [MPa] 0.7 
Spraying distance, [mm] 100 
Powder feeding rate, g/min 28 

Tab.2. HVOF spraying parameters 

PARAMETER VALUE 
Oxygen flow, [Nl/min] 265 
Propane flow, [Nl/min] 74 
Air flow, [Nl/min] 374 
Spraying distance, [mm] 150 
Powder feeding rate, g/min 94 

Methodology 
The microstructure of the sprayed coatings was analysed with a scanning electron 

microscope JOEL JSM-5400 in the secondary electron mode, whereas the element 
distribution was with a microprobe ISIS 300 Oxford Instruments. The roughness of 
coatings was measured with a profilographometer PM-03, whereas to study their hardness a 
Chruszczow hardness tester was used.  

MICROSTRUCTURE OF COATINGS 
The plasma and HVOF sprayed WC12Co and Cr3C225(Ni 20Cr) coatings 

microstructure are shown in Fig.3 and Fig.4. Depending on the spraying method, their 
structure and phase composition differ. Figs.3a, 3b present WC12Co and Cr3C225(Ni 20Cr) 
coatings obtained in the course of HVOF spraying. Non-deformed grains are found in the 
matrix. An EDX microanalysis proved a diversified composition of the coating in particular 
zones. In a WC12Co coating, the white grains testify to the presence of tungsten, whereas 
the dark matrix appears to be rich in cobalt and contain little tungsten, Fig.5. As far as a 
Cr3C225(Ni 20Cr) coating is concerned, the white grains constitute the chromium carbide-
rich phase, and the dark grains confirms the abundance of nickel (Table 4). The structure of 
coatings is completely different in plasma spraying, as illustrated in Figs.4a, b. Their 
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microstructure is more complex. They are lamellar structures with highly deformed 
adjoining grains. Also, greater porosity and internal cracks are observed. 

 

  
Fig.3. Microstructure of HVOF sprayed coatings a) WC12Co, b) Cr3C225(Ni20Cr). 

  
Fig.4. Microstructure of plasma sprayed coatings a) WC12Co, b) Cr3C225(Ni20Cr). 

a b

ba 

Tab.3. EDX analysis of WC12Co coatings Figs.3a) and 4a) 

Spraying Co 
[at.%] 

W 
[at.%] 

C 
[at.%] 

 HVOF 
 Mark 1 
 Mark 2 

 
 3.58 
 93.63 

 
 81.23 
 0.61 

 
 15.19 
 5.76 

 Plasma 
 Mark 1 
 Mark 2 
 Mark 3 

 
 0.66 
 17.37 
 41.25 

 
 84.94 
 72.38 
 51.02 

 
 14.40 
 10.25 
 7.73 
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Tab.4. EDX analysis of Cr3C225 (Ni20Cr) coatings Figs.3b) and 4b) 

Spraying  Si 
[at.%] 

 Cr  
[at.%] 

 Fe  
[at.%] 

 Ni 
[at.%] 

 C  
[at.%] 

 HVOF 
 Mark 1 
 Mark 2 

 
 1.64 
 - 

 
 20.58 
 55.91 

 
 0.06 
 0.11 

 
 72.40 
 0.69 

 
 5.31 
 43.29 

 Plasma 
 Mark 1 
 Mark 2 
 Mark 3 

 
 0.20 
 0.91 
 0.08 

 
 14.21 
 46.83 
 69.92 

 
 0.31 
 0.38 
 0.16 

 
 74.61 
 24.13 
 0.35 

 
 10.68 
 27.68 
 29.48 

 
The microstructure of these coatings is composed of zones with various greyness. 

The microanalysis confirmed that their chemical composition is much more varied than that 
of the HVOF sprayed coatings, which testifies to the occurrence of various carbide phases 
(Table 3). Even the same white zones of wolfram carbide have different chemical 
composition, Fig.4a. It results from the phase changes of wolfram carbide and chromium 
carbide that take place at a high temperature of plasma. In the case of WC12Co coatings, 
the best antiwear properties are observed if larger quantities of fine WC carbide grains are 
evenly spread in a cobalt matrix in the absence of phase ε or the CoxWyCz type carbides 
such as, e.g. Co6W6C or Co3W3C [8]. It depends on the minimisation of oxidation and 
dissolution of WC during spray, and therefore the type of powder used, its feed rate and 
flame temperature. In the case of chromium carbide, the diversified chemical composition 
of zones is due to the presence of Cr7C3 and Cr23C6 carbides in the coating. 
 

  
Fig.5. Results of point analysis HVOF sprayed WC12Co coating: a)white phase, b) grey 

phase. 

a b 

The microhardness and roughness of surfaces were measured after polishing and 
the results are given in Table 5. 
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Tab.5. Microhardness and roughness of the coatings  

COATING WC12Co  
HVOF 

WC12Co  
plasma 

Cr3C225(Ni20Cr)- 
HVOF 

Cr3C225(Ni20Cr)- 
plasma 

HV0.1 1218 1021 945 788 
Ra 0.11 0.18 0.22 0.29 

 
The wear resistance of the sprayed coatings will be investigated through pin-on-

disk tests and will be correlated to microstructural and micromechanical characteristics. 

CONCLUSION 
The specific thermal spray process will influence the microstructure of the coating 

and adhesion strength of the deposit which will vary with the process. Factors affected by 
the spray parameters, such as the size and distribution of porosity, oxide content, residual 
stresses, and macro - or micro - cracks influence the performance and failure of the coating 
system. It was established that HVOF sprayed wolfram carbide demonstrated the most 
homogeneous structure and the highest hardness, whereas a plasma sprayed Cr3C225(Ni 
20Cr) coating was characterised by the lowest hardness. The surface of HVOF sprayed 
WC12Co coating possessed the lowest roughness. 
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