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Abstract 

Different machine parts in oil and gas industries suffer from erosion-corrosion 
degradations due to the impact of small solid particles entraining a liquid stream 
during transportation. To overcome such a tribological problem, the demand for 
WC-12Co and Inconel-625 HVOF thermal spray coatings is becoming more and 
more stringent. To date, the development of nanostructured WC-12Co feedstock 
materials have significantly improved the mechanical property performance of 
such coatings over conventional micro-structured coatings. This paper identifies 
the recent developments of WC-12Co nanostructured coatings and how they 
have performed when deposited using different thermal spray techniques. The 
research focuses also on the modification of WC-12Co by the addition of 
Inconel-625 against erosion-corrosion. The results demonstrate that the 
significant improvement in nanostructured WC-12Co coating performance can 
be achieved by utilizing proper controlling parameters for HVOF technique. 
Keywords: nanostructure, HVOF, thermal spray, WC-Co, erosion, Inconel-625.  
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1 Introduction 

One of the most common and unavoidable problems facing oil and gas industrial 
segments is the machine components degradation due to wear and corrosion. 
They have a huge effect on material losses, result in the destruction of 
components and transportation pipelines as shown in figure 1, and can cause 
health and environmental risks due to metal contamination. This can be 
considered from the point view of safety side. As a result, from economy side 
view the operating and maintenance costs increase. Recently, studies proved that 
the cost of material losses due to wear and corrosion denote in most of the 
developed industrial countries is approximately 4% of their gross internal 
product (GIP) (Jones and Llewellyn [1]). For example, in USA alone it was 
reported that the wear and corrosion of equipment’s and mechanical components 
direct costs were about 22 billion Euros per year for spare parts alone (Scrivani 
et al. [2]).  Additionally, one has to add an equal amount for indirect costs 
related to production stops, scrap creation and management, maintenance and 
personal. Therefore, wear and corrosion increase the operating and maintenance 
costs in various industrial applications. To overcome such tribological problem, 
the demand for thermal spray coatings is becoming more and more stringent. 

 

 

Figure 1: The internal wall degradation of a carbon steel oil sands tailings. 

     Recently, thermal spraying proved to be one of the widely recognized 
industrial solutions technologies to produce superior protective coatings. It is 

216  Surface Effects and Contact Mechanics XI

 
 www.witpress.com, ISSN 1743-3533 (on-line) 
WIT Transactions on Engineering Sciences, Vol 78, © 2013 WIT Press



used in industrial applications requiring sliding, abrasion, and erosive wear 
resistance. However, the variety of applications ranges from aerospace landing 
gears to industrial oil pumps, to the blades of hydraulic turbines and piping 
valves. Novel research also demonstrates the thermal spray applications in 
magnetic and biomedical applications (Thayer [3], Kulkarni et al. [4]).  The 
thermal spray technology has developed rapidly over the past twenty years 
besides the development of new feedstock materials and new progress 
requirements in industrial fields.  
     According to the energy source used, thermal spray can be divided into 
different techniques: plasma spray technique (atmospheric plasma APS, low 
pressure plasma LPPS, and vacuum plasma VPS), Flame spray technique, High 
velocity oxy/air-fuel technique (HVOF, HVAF), and Dentation gun technique 
(Pawlowski [5]). The high velocity oxygen fuel (HVOF) thermal spray technique 
compared to other spray techniques proved to be preferable depositing technique 
in industries specially, for temperature sensitive materials such as cermets due to 
its high flexibility (Vinayo et al. [6]). Additionally to that, several characteristics 
for this technique can be considered: high density and strong adhesion bond to 
substrates, lower porosity and oxidation, high compressive residual stresses to 
improve the coating life time and cost effectiveness (Schwetzke and Kreye [7]). 
     Now a day’s environmental concerns are also being considered as an integral 
part of the design process. For achieving future economic competitiveness and 
lower environmental impact, our attention must therefore turn to processes that 
consume a minimum of resources. However, new modern developments in 
materials towards nanostructure size particles have improved the materials 
properties such as hardness, abrasive and sliding wear resistance. This is due to 
reduced inherent defects and dislocation between grain boundaries (Stokes [8], 
Qiao et al. [9]). Therefore, the deposition of nanostructured feedstock materials 
is leading to an engineered surface with excellent coating performance. 
However, in spite with these developments of nanocrystalline powders during 
the last ten years, HVOF practical applications in the repaired filed still present 
many research challenges such as detected failures, which occur in day to day 
operation, thus still require solutions. Specially, failure in complex surface 
geometries and very high shape accuracy produces conventional coatings 
obtained by HVOF which are not suitable compared to nanostructured coatings 
due to their high and nonuniform thickness or inconvenient surface roughness 
(Basak et al. [10]). Moreover, some engineering environments are challenging 
and require composite surface coating to achieve their goal (for example 
excellent wear and corrosion resistance). This combination of properties suggests 
at least two or more combinations of materials are needed.  
     In this research the development of Tungsten carbide in nanostructured and 
conventional size (WC-12Co) powders together with Inconel-625 micro-size 
powder were reviewed. All of the selected materials have various applications in 
many industrial sectors due to its superior wear and corrosion resistance 
respectively. However, the applications of these materials as conventional 
coating are common; but the applications of nanostructured coating have still not 
yet been widely understood. 
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2 HVOF WC-12Co nanostructure thermal spray coatings 

The HVOF thermal spraying process has commonly been accepted as the most 
effective and economic method for the developing nanostructured WC-12Co 
coatings. Particularly, with the multipart surface geometries and maximum shape 
accuracy, where conventional coating techniques are unsuitable as they impose 
high or non-uniform layer depths or inappropriate surface roughness (Yilbas and 
Arif [11], Thakure et al. [12]). An earlier study carried out by (Yao et al. [13]) 
established that nanostructured WC-Co materials had superior properties and a 
more homogeneous microstructure than those of conventional WC-Co 
composites. Nanostructured WC-Co also permitted optimization of specific 
properties without affecting others; higher toughness and ductility that could be 
reached without decreasing hardness and wear resistance. Skandan et al. [14] 
established a new class of High Velocity Oxy-Fuel thermal spray feedstock 
powders, which consist of a mixture of coarse (conventional) and fine 
(nanostructured) particles of WC-12Co. The results showed that the dissolution 
of the WC particles occurs in the Co matrix, led to a hardened matrix which also 
held the WC particles in position and improved the wear resistance.  
     Shipway et al. [15] investigated the performance of conventional and 
nanostructured WC-12Co materials in the form of coatings deposited by HVOF 
thermal spraying. The nanostructured powder demonstrated higher levels of 
decomposition through spraying to produce a coating for two different reasons. 
Firstly, the open porous structure of the powder particles themselves, led to 
overheating of the particles at higher temperatures during spraying which 
improved dissolution of WC into the liquid binder phase (first step of 
decomposition reaction). Secondly, the fine carbides in the nanostructured 
coatings produced higher surface area to volume ratio of the carbide grains in the 
powder particle, and therefore enhanced the kinetics of dissolution.  Sliding wear 
examination of the coatings showed that material loss took place mainly due to 
carbide pull outs and by subsurface cracking. It was shown that subsurface 
cracking was encouraged by the existence of the extremely decomposed areas 
inside the microstructure which resulted in higher wear rates. 
     AC-HVAF spray coatings have been deposited from WC-10Co–4Cr powder 
in addition to a modified powder having different composition of WC–12Co 
nanostructured powder by (Liu et al. [16]). The results indicated that an addition 
of 15% nano WC–12Co increased the coating hardness from 1677 to 1873 
HV0.3. However, not only did the hardness improve by the addition of nano-
WC–12Co powder but also the wear and erosion resistance of coated samples 
increased. They attributed this to the homogeneous distribution of nano-sized 
WC particles in the CoCr matrix. WC–12Co coatings deposited by HVOF 
spraying from conventional and nanostructured WC powder feedstock and laser 
treatment was also carried to minimize the coating porosity (Chen et al. [17]). 
The authors concluded that under conditions of micro-scale abrasion, the fine 
WC grain size in the nanostructured material caused a rapid pull-out of the hard 
phase and therefore to high wear rates. Furthermore, laser treatment led to a 
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decrease in hardness of the coatings and to corresponding increase in abrasive 
wear rate. 
     Guilemany et al. [18] observed that bimodal (mixed nano and micro size) 
particles of WC-12Co HVOF thermal spraying had better abrasive and friction 
wear resistance compared to the nanostructured coating even though the latter 
had higher hardness value. Additionally, both nanostructured and bimodal 
coatings demonstrated superior corrosion resistance, better than the conventional 
coating for WC-12Co. According to authors, the bimodal powder also has the 
advantage of being less expensive than the nanostructured powder. Cho et al. 
[19] studied HVOF spray coating of both micro and nanostructured WC–12Co 
powders to develop the durability of sliding machine components. A Taguchi 
program was used to optimize HVOF spray parameters for both powders. The 
results indicated that hardness of nanostructured WC–12Co was lower than that 
of microstructured WC–12Co since the degree of hard WC decomposition was 
less hard W2C, W and graphite is larger due to the larger specific surface area. 
Moreover, the friction coefficient of nanostructured WC–12Co was lower than 
that of microstructure WC–12Co at both 25 °C and 500 °C, because of the extra 
decomposition of nanostructured WC–12Co. 
     In a comparative study carried out by (Ding et al. [20]) between conventional 
and submicron WC-12Co, a multimodal (mixed of both) WC-12Co coating 
deposited by HVOF was found to be denser with low porosity. In addition, the 
multimodal WC-12Co coating had shown excellent cavitation erosion resistance. 
However, the erosion rates were almost one third that of the conventional 
coating. Furthermore, dense nanostructure, high micro hardness and strong 
cohesive strength were obtained. 
     Skandan et al. [21] developed a unique feedstock material containing a 
mixture of coarse and fine particles of WC-12Co using HVOF coating. The 
powder mixture consisted of 70 vol.% coarse grains. Sliding wear tests were 
conducted using a ball-on-disk tribometer at room temperature under various 
lubricated conditions. Results reported that the abrasion wear resistance is at 
least 50% better than that of conventional WC-12Co coating. They attributed the 
improvement of abrasive wear resistance in the multimodal coatings to a tough 
matrix and the absence of any decarburized phases. Another dominating factor 
was the reduction in average Co content and, hence, an increase in the volume 
fraction of hard, wear-resistant WC phase. 
     Three different commercially available WC-12Co powders (two conventional 
and a multimodal) were deposited by (Marple and Lima [22]) using different 
HVOF systems (JP5000, DJ2600, and DJ2700). The multimodal powder 
consisted of 50% coarse grain and the remaining was 50% nano-size. Their 
results noted that reasonably high values of deposition efficiency greater than 
70% could be achieved under some conditions using the DJ system to deposit the 
multimodal feedstock. These deposition values were ominously above those 
obtained using conventional feedstock materials. They observed that the 
multimodal coatings tend to have a higher hardness than conventional coatings; 
however, in terms of abrasion resistance, there was little difference between the 
best-performing multimodal and conventional coatings. Another study of three 
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commercial WC-12Co powders (conventional, multimodal, and nanostructured) 
was carried by (Dosta et al. [23]). They used HVOF with different spray 
conditions for each type of powders to form the coating. Nanostructured coatings 
reported improvement with new spray conditions and resulted in a very hard 
coating. However, better abrasive and wear resistance were shown by 
multimodal powder even though nanostructured coating has a high hardness but 
during spraying process the powder suffered from decarburization. In addition, 
they noticed that the reduction in the decomposition could be achieved by new 
spray conditions to improve the abrasive wear resistance of the nanostructured 
powder. 
     Wang et al. [24] studied the performance of abrasive and erosive wear of 
three different sizes (conventional, multimodal, and nanostructured) WC-12Co 
HVOF deposited coatings. This research observed that both multimodal and 
nanostructured ranked higher than conventional coating in terms of hardness and 
abrasive and erosive resistance. Moreover, nanostructured coating was found to 
have the best abrasive wear resistance among all and it was attributed to 
homogenous powder structure and smaller WC particle size. 
     Very high degree of decarburization of the WC particle was observed by A. 
Dent et al. [25] during HVOF spraying of nanostructured WC-12Co. As a result, 
the nanostructured WC-12Co coatings yielded lower wear resistance compared 
to the conventional coating, which was attributed to high porosity resulting from 
hollow sphere morphology in the WC powder size distribution. Moreover, it is 
reported that the abrasive wear resistance rate increased as the cobalt binder 
volume percentage decreased. Stainless steel (1Cr18Ni9Ti) was coated 
successfully by nanostructured WC–12Co powder using the HVOF by (Yin et al. 
[26]). The resulting nanostructured coating was proved to have better wear 
resistance compared with the conventional coating in sliding when using a Si3N4 
ball at both ambient as well as elevated temperatures. They attributed this to the 
improved mechanical properties of the nanostructured coating because of the 
very fine microstructure. Moreover, the major differences in the wear 
mechanisms of both types of coatings gave rise to an improvement of toughness 
and strength as a result of small WC grain size. Basak et al. [27] showed that 
nanostructured WC–12Co coatings demonstrate superior wear resistance 
compared to micron sized ones. They further improved the coating by addition of 
small amount Al as alloying element. The elemental mapping explained that WC 
particles surrounded by Al distribution resulted in an increase of cohesion within 
the coating to form strong bonding and enhance the wear resistance. 

3 Modifications of WC-12Co by addition of Ni based alloys 
against erosion- corrosion 

Many components and machinery parts suffer from erosion-corrosion 
degradations due to the impact of small solid particles entrained a liquid stream. 
Normally, the coatings composition, microstructure, and the overall structural 
integrity play a big rule in the ability protection against erosion. Although WC-
12Co thermal spray coatings are effective in most of the applications against 
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pure wear, as it is not well-matched for erosion-corrosion environment compared 
to the other coatings (Kumari et al. [28]). However, in environments being both 
erosive and corrosive the corrosion properties of the metallic binder must be 
considered. Pure cobalt binder suffers from corrosion when it exposed to 
corrosive environments like sea water.  WC-12Co thermally spray coating have 
been the subjects of numbers erosion studies in coating research field (Kumari et 
al. [28], Liu et al. [29]). Liu et al. [29] reported that the addition of 15% of nano 
WC-12Co powder into WC-10Co-4Cr AC- HVAF improved the coating erosion 
resistance. The same result also obtained by (Wang and Yan [30]) noted that the 
WC-12Co coating with nanostructure feedstock (WC size 50-800nm) exhibited 
lowest erosion rate compared to other conventional and multimodal coatings.  
     It has been reported that erosion- corrosion properties of WC-12Co can be 
improved by addition of chromium based alloys for high temperature in energy 
industry applications especially power plant boilers or nickel based alloy for low 
temperature applications in oil and gas industries such as pipe and gate valves 
(Al-Taha et al. [31]). These two alloys improve the oxidation resistance of the 
WC-12Co coatings. In the oil and gas industry, Ni based alloy are widely used in 
applications that combined wear and oxidations. One the most commonly used 
HVOF Ni base alloy coatings powder is Inconel-625 (Diamalloy 1005), which 
offers high practically resistive surfaces to harsh corrosive environments with 
relatively low cost (Miguel et al. [32]).  This material has owing several 
properties that make it superior when applied as a HVOF coating in order to 
protect components from erosion-corrosion attack (Al-Anazi et al.  [33]). 
However, its high strength derived from the stiffening effect of molybdenum and 
niobium on its nickel-chromium matrix. Moreover, the combinations of elements 
also provide a wide range of superior resistance against aggressive environments. 
In addition, the high freedom of local attack (crevice, pitting) corrosion, wide 
range of temperatures and pressure, and high corrosion-fatigue is also a primary 
reasons for its wide acceptance in oil and chemical field (Specialmetales [35]).  
     Significant research studies wear carried out to examine Inconel-625 HVOF 
thermal sprayed coating (Al-Taha et al. [36],  Liu  et  al.  [37])  in  different  
conditions. Al-Taha et al. [36] reported a significant improvement of the 
corrosion resistance of Inconel-625 with the addition of WC particles when 
applied onto steel 304 substrate surface using HVOF thermal spray. This 
research attributed the findings to the existence of WC particles, which modifies 
temperature rise and its gradient in the coating. Additionally, increasing the WC 
contents in the coating resulted with increase of Young’ modulus, the fracture 
toughness, and the magnitude of the residual stress of the coating. The same 
finding was also observed in a case study for the same material carried by (Liu et 
al. [37]). Bakare et al. [38] investigated the passive films on wrought and HVOF 
thermally sprayed Inconel- 625 using XPS analyses. They indicated that the 
superior corrosion resistance of Inconel-625 is due to formation of Mo, Cr, and 
Nb oxides.  
     The erosion-corrosion behavior of HVOF thermally sprayed Inconel 625 
coating on different metallic surfaces was investigated by (Al-Fadhli et al. 
[39]).The coating exhibited excellent erosion-corrosion resistance, as it was not 
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highly affected by the type of substrate material. Furthermore, (Li and Li [40]) 
indicated that the adhesive strength of the coating increased from 40 MPa to 56 
MPa when a bond coat of about 50µm thickness was introduced between the 
coating NiCrBSi and the mild steel substrate. Also, the bond strength increased 
to 65MPa by applying a WC-Co interlayer bond coat to the NiCrBSi-40wt% 
WC-Co. 
     Further efforts to improve the erosion-corrosion behavior of Inconel-625 
HVOF thermal sprayed coating were carried by a number of researches using 
laser surface melting (LSM) treatment (Ahmed and Bakare [41], Liu et al. [42]). 
For example, both (Ahmed [41] and Al-Taha [36]) observed that laser surface 
melting of HVOF of Inconel 625 largely eliminates porosity and localized 
regions as well as general homogenization and results in improvement of 
erosion-corrosion and wear resistance of the coating. However, some LSM 
studies (Bakare et al. [38], Liu et al. [42]) had an insignificant effect on the 
coating performance due to overlapping tracks which result in corrosion 
resistance degradations. 

4 Conclusions 

In general, surveys show that deposition of WC-12Co nanostructure by HVOF 
has shown superior resistance to pure wear compared to the conventional 
microstructural types. However, with proper control of the coating parameters 
and addition of Inconel-625 enhance the erosion resistance of the coating against 
erosion-corrosion. This can mostly be attributed to the passive films formed by 
Inconel-625 due to the combinations of elements. The future research will 
involve blending WC-12Co nanostructure powders with Inconel-625, depositing 
them and assessing the coating mechanical, wear and corrosion properties, to 
identify an optimum HVOF coated blend to prevent deterioration in oil/gas 
applications.    
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