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ABSTRACT 

Tungsten carbide cobalt coating has been extensively used for cutting and mining tools, 

aerospace, automotive and other wear resistance applications. These coatings not only have 

superior mechanical properties like high hardness, toughness and compressive strength but 

have also excellent controllable tribological properties. Nanocrystalline coatings can provide 

combination of high hardness and high toughness which otherwise are exclusive properties. 

But in the case of High Velocity Oxyfuel (HVOF) sprayed nanocrystalline WC-cobalt 

coatings, a higher degree of decarburization is reported in the published literature. This results 

in porosity and brittle phases formation in the coating structures. This in turn results in higher 

wear rate of nanocrystalline WC-cobalt coatings.  

In this study HVOF sprayed coatings made from duplex cobalt coated near-nanocrystalline 

WC-cobalt powders is used. The purpose of using these powders is to address the issue of 

decarburization and porosity formation in the coatings. Lower decarburization and hence 

porosity formation in these coatings along with the benefit of smaller WC grain sizes result in 

better tribological performance of these coatings. A comparison of wear behaviour is made 

between conventional microcrystalline and novel duplex cobalt coated near-nanocrystalline 

WC-17 wt% cobalt coatings. Coatings made from finer and coarser feedstock powders with 

same WC grain size are also compared. Optical and Scanning Electron Microscopic images 

show more porosity in the microcrystalline coatings than the duplex coated WC-cobalt 

coatings made from coarser feedstock powders while the highest porosity was observed when 

fine feedstock powder having agglomerate sizes 10-20 µm with 300-550nm WC grain sizes 

were used. Fracture toughness was 25.12 and 19.04 MPam
1/2

 for near-nano and 

microcrystalline coatings respectively while it was only 3.01 MPam
1/2

 for
 
the coatings made 
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from fine feedstock powders. The higher toughness can be attributed to more frequent 

interruption in the crack propagation and only intergranular cracking in the near-

nanocrystalline coatings in contrast to the microcrystalline coatings where both trans-granular 

and inter-granular crack propagation take place. Under similar test conditions, the wear rate 

was 4.0×10
-3

 mm
3
/m for nearnanocrystalline and 6.6×10

-3
 mm

3
/m for microcrystalline 

coatings. The lower wear rate in duplex cobalt coated near-nanocrystalline coatings can be 

attributed to its higher toughness and hardness values, the lower decarburization and porosity 

observed in it and the smaller fraction of brittle non-WC phases formation. In summary it is 

stated that the lowest porosity, W2C content and lower wear rate and highest hardness and 

fracture toughness was observed for the coatings made from duplex cobalt coated powders 

with near-nanocrystalline WC grains and with feedstock powder size of 45-60µm, which can 

be beneficial for high performance and longer tool life.  
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CHAPTER 1 

INTRODUCTION 

1.1 Preamble 

Coatings based on the WC-Co system have been extensively used in wear resistance 

applications not only due to their superior mechanical properties but also because of their 

excellent controllable tribological properties. Khan et al reported that nanocrystalline WC-

cobalt coatings possess better wear performance especially when used in the oil sand 

exploration [1]. These properties are due to their excellent adherence to the substrate, good 

cohesion, low porosity, high hardness, and low tendency to form brittle phases (e.g. W2C, 

Co3W3C) during high velocity oxy-fuel (HVOF) thermal spraying processes as reported by 

Guilemany et al. [2, 3]. The HVOF technique possesses advantages over plasma spraying 

such as high particle velocities and lower peak particle temperatures, producing a more 

densely consolidated deposit with reduced formation of detrimental reaction products and 

correspondingly improved wear properties [4-7]. These coatings have the potential for use to 

protect hydraulic pipelines, valves and pumps responsible for moving slurry during the 

processing of bitumen to recover oil from oil sand deposits as discussed by Saha et al. [8]. 

The wear resistance of WC-Co depends on a number of intrinsic and extrinsic factors. Among 

these, the size and volume fraction of reinforcing phase, quantity and type of the matrix 

material, shape and size of the abrasive, and the aggressiveness of the environment play a key 

role in determining the properties of the coating [9, 10]. Hardness and fracture toughness of 

the matrix and the reinforcement as well as the reinforcement/matrix interfacial strength are 

the most important mechanical factors that determine the wear resistance and failure 

properties of cermet based coatings as reported by Quigley et al. [11]. Previous work with 
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WC-Co cermet coatings has shown that decreasing the WC crystal size from the micron scale 

to the nanometer scale increases the hardness, mechanical strength, resistance to abrasive and 

sliding wear of sintered bulk WC-Co cermets as reported by Jia et al. [12, 13]. Furthermore, 

in some studies the use of nanocrystalline feedstock powders improved properties such as 

hardness, abrasive strength and wear resistance when compared with conventional 

microcrystalline powders sprayed onto metallic substrates by the HVOF process [14-19]. In 

other research studies, disappointing wear loss was observed when nanocrystalline coatings 

were used containing a WC grain size between 30-50 nm when compared with WC-Co 

coatings containing WC grains (1-20 µm) when deposited under similar conditions [20]. 

Higher decarburization was reported in nanocrystalline WC-cobalt composites by Stewart et 

al. [20, 21]. It was reported by Stewart et al. [20] that the wear rate of nanocrystalline coatings 

was 1.4 to 3.1 times higher than conventional microcrystalline coatings. The reason 

mentioned for the higher wear rate in the former case was the higher decarburization of 

nanocrystalline coatings than the microcrystalline coatings. This higher decarburization 

results in higher porosity and brittle phases’ formation in the nanocrystalline coatings. The 

SEM images indicate clear regions of decarburization in nanocrystalline WC grains than in 

the microcrystalline grains. The higher major peak intensity of W2C to WC in the 

nanocrystalline coatings as compared to microcrystalline coatings in the XRD plots reported 

by Stewart et al.[21] also suggest higher decarburization of nanocrystalline WC grains. In the 

present work such decarburized regions in SEM images can not be seen. Also XRD plots 

show different peaks than observed by Stewart et al [20, 21]. The reason is that different 

HVOF spray parameters and starting feedstock powders are used in the two studies. 
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This study presents work on three feedstock powders, designated as FN (fine near-

nanocrystalline), CN (coarse near-nanocrystalline) and M (microcrystalline) powders, with 

identical binder phase content: WC-17wt. %Co. The novelty of the research work presented in 

this thesis is that an engineered duplex Co coated WC-17wt. %Co cermet particle designed to 

withstand coat spalling under elevated loads as well as to limit abrasive decohesion during 

wear and also to control decarburization of the WC grains. A study of the effect of WC grain 

size and WC-cobalt feedstock powder size on decarburization, porosity and mechanical 

properties is also investigated. 

1.2 Motivation 

Nanocrystalline materials have the advantage of high hardness and Hall-Pitch relation given 

below is valid to a size as around 10nm. 

 

Wear volume depends upon hardness, toughness and grain size as given by the following 

relation 

  

 

The above relation shows that wear volume will decrease when hardness and toughness 

increases while decreases with decreasing grain size and applied load. 

Grain size also effect mean free path (λ) as given by the following relation: 
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2

1

0

−

+= kdHH

dP
HK

V

C

××
×

∑
4

5

2

1

4

3

1

]
1

[α

dVV
CoCo

×+×−×= ]214.0691.0975.5[ 2λ

dλα



 

 

 

4 

So it can be concluded that wear volume decreases with decreasing grain size and decreasing 

mean free path. When there will be smaller mean free path, there will more interruption in the 

crack propagation and hence less wear volume. 

Keeping in mind the above benefits associated with smaller WC grain size, nanocrystalline 

WC-cobalt coatings were studied. Microcrystalline coatings were also studied for the purpose 

of comparison. 

1.3 Research Objectives  

The following objectives were considered during this research project: 

a. To investigate the integrated benefits of smaller WC grain size in WC-cobalt 

composite, along with WC phase stability in the duplex cobalt coated near-

nanostructured WC-cobalt composites. Two WC grain sizes i.e. near-nano with 300-

550nm WC grain size and feedstock powder with size ranges of 10-20µm (FN), 45-60 

µm (CN) and 5.5-45 µm (M) were used for this purpose. 

b. To compare the mechanical properties of engineered duplex coated near-nano and 

microcrystalline coatings under same conditions. 

c. To use a duplex coated powder feed as a method of controlling or reducing 

decarburization of WC during High Velocity Oxyfuel (HVOF) spraying. 

d. To investigate the effect of feedstock powder size on the decarburization of WC 

during HVOF spraying. 

e. To study the effect of various test parameters on abrasive wear behaviour and the wear 

mechanism in the two coatings 

1.4 Outline of the Dissertation 

This dissertation consists of five chapters. Chapter 1 is introduction. Chapter 4 consists of the 
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results and discussion. Chapter 5 gives a conclusion of the present work and proposed future 

work. In chapter 2 the theoretical background of this research is discussed. An overview of 

the thermal spray coating process with special reference to HVOF processes is given. Wear 

phenomena is discussed. The effect of various parameters on the abrasive wear behaviour is 

also discussed in detail. In chapter 3 the experimental procedures and the materials used are 

discussed. The experiments start from feedstock powders characterization. It further includes 

characterization of coatings, two-body abrasive wear tests, microhardness, fracture toughness 

measurements, scanning and atomic force microscopy and X-rays diffraction study. In chapter 

4 the characterization of the powder materials and coatings are discussed in detail. Scanning 

electron and optical microscopic images are given for powder, coatings and coating-substrate 

interfaces. X-rays diffraction of the powders and both types, i.e. microcrystalline and 

engineered duplex cobalt coated near-nanocrystalline coating are given. The two-body 

abrasive wear tests are discussed for near-nanocrystalline and microcrystalline coatings. The 

wear test is performed under different loads, different sliding speeds and for different sliding 

distances. Scanning electron, atomic force and optical microscopy is conducted to study the 

worn surfaces, the wear debris and the coating substrate interfaces. Fracture toughness of the 

two coatings is determined by Vickers indentation method. Microhardness is measured for the 

two coatings. The effect of feedstock powder sizes on the phase changes, fracture toughness, 

hardness and porosity is studied. In chapter 5 conclusions and future work are discussed. 
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CHAPTER 2 

LITERATURE SURVEY 

2.1 Introduction  

Thermal spray coatings are the processes in which molten, semi-molten or solid particles are 

sprayed and deposited onto a substrate surface. A wide variety of materials including metals, 

alloys, plastics, ceramics, and composites can be coated with thermal spray methods on 

almost any substrate material [1]. The feedstock materials which may be some powder, wire 

etc. are heated by electrical (plasma or arc) or chemical means (combustion flame). The 

materials are then accelerated or propelled towards the substrate material with the help of 

some carrier gas like nitrogen or some atomization jet. Thermal spray processes are classified 

into three main groups depending upon the energy used. These are electric arc, plasma arc and 

flame spray methods. Thermal spraying can be used to produce thick coatings (approx. 20 µm 

to several mm, depending on the process and feedstock). Since very small heat transfers to the 

substrate and also mechanical anchorage is the major adhesion mechanism, therefore almost 

any material can be coated to any substrate material with thermal spray method. The splat 

which is the building block of the coatings cools within very short time of the order of 10
6 

K/s 

[2, 3]. The splat morphology and its adhesion to the substrate depends upon several 

parameters including surface roughness of substrate, its hardness, temperature, presence of 

absorbates/ condensate , impingent velocity, spray angle, traverse speed and stand-off 

distance. The quality of the coatings is assessed by the phases stability, coating density, 

adhesive strength, hardness, toughness, oxide contents and surface roughness. The coatings 

made with thermal spray methods have wide range of applications. These include thermal 

barrier, wear resistant, and corrosion resistant coatings. These coatings find application in oil 
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and gas sector, aerospace, power plants, textile, mineral processing, chemical and paper 

industries. The major advantages of thermal spray coatings include their wide variety of 

coating and substrate materials. The coatings can be strip off and substrates can be recoat 

without any damage or dimensional changes to the components. The line-off-straight nature is 

the major disadvantage of these processes. Small, deep and very intricate substrates are 

difficult to coat. 

2.2 High Velocity Oxyfuel (HVOF) Coating Process 

High velocity oxyfuel is the thermal spray coating process using high velocity of the coating 

materials of the order of 1000 m/s and relatively lower temperature. The heat source is the 

chemical energy coming from combustion of hydrocarbons or hydrogen. Liquid fuel like 

kerosene oil or gaseous fuel like methane, acetylene, hydrogen is used as fuel. The process 

temperature is about 2500 °C. The combustion takes place in the combustion chamber which 

provides a high heat while the high pressure of the carrier gas results in higher velocity of the 

coating materials. The gun barrel length, standoff distance, traverse speed, type of fuel, fuel to 

oxygen ratio etc. are the process parameters which affect the properties of the coatings. 

Temperature, thermal conductivity, surface roughness etc are the substrate conditions which 

influence the adhesion of coatings to the substrates. The solid volume fraction in the 

composites, the solid particle size like WC grain size in the composite and the feedstock 

composite powder particle size also effect the morphology of the splat and thereby the 

properties of the coatings. Shorter dwell time and low process temperature results in the 

phases’ stability. High velocity of the coating materials results in higher adhesive strength. 

The lower in-flight exposure time results in lower oxide content. Wire or powder can be used 

as a coating material for the process. The lower process temperature and shorter dwell time 
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result in greater phases stability as shown by Turunen et al. [4]. High particle velocity results 

in high adhesive strength of the coatings as shown by Lyphout et al. [5]. The high particle 

velocities also result in low porosity and high coating densities. High micro turbulences in 

oxy-fuel flame results in more uniform heating of the coating powders which in turn result in 

more uniformity in structure and properties of the coatings. High impingent velocity during 

HVOF process results in coatings with better coat adhesion than other spray methods as 

reported by Wielage et al. [6]. Temperature and velocity of the coating materials affect the 

mechanical properties and adhesive strength of the coatings as reported by Gona et al in [7] 

and Watanabe et al. in [8]. Table 2.1 shows a comparison of the HVOF process to other 

thermal spray processes as discussed by Brookes et al. [9]. This table shows that velocity of 

the feedstock powder is the highest among all the thermal spray processes and this high 

velocity results in high mechanical adhesive strength, high coatings density and low porosity 

as shown in table 2.2, for the HVOF spray coatings.  The lower process temperature as 

compared to plasma spray processes results in better phases stability and lower coatings 

porosity. Table 2.2 shows benefits; limitations and applications for HVOF spray coatings 

while tables 2.3-2.5 show these for other thermal spray coatings. HVOF process can produce 

much denser coatings and hence better environmental protection than plasma sprayed coatings 

as reported by Turunen et al. [10].  

2.3 Tungsten Carbide Cobalt Coatings 

Cermet based coatings offer an interesting alternative to produce a protective layer over a 

steel structure due to their excellent chemical, corrosion and thermal resistance. In recent 

years, WC-Co cermet materials as feedstock powders for HVOF thermal spraying coatings 

have stimulated increasing interests in the fields of oil production, paper manufacture, 
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automotive systems and aerospace applications. HVOF process can produce much denser 

coatings and hence better environmental protection than plasma sprayed coatings as discussed 

by Saha et al. [18].  

Tungsten carbide cobalt retains its mechanical properties at higher temperature and are 

therefore used in 

Table 2.1: Comparison of thermal spray processes [9] 

Thermal Spray 

Processes 

Temperature 

°C 

Particle 

velocity, 

m/s 

Spray rate, 

kg/h 

Power, 

kW 

HVOF 3100 600-1050 14 100-270 

Flame Powder 2200 30 7 25-75 

Flame Wire 2800 180 9 50-100 

Detonation Gun 3900 910 1 100-270 

Electric Arc Wire 5500 240 16 4-6 

Air Plasma  5500 240 5 30-80 

Vacuum Plasma 8300 240-600 10 50-100 

 

Table 2.2: Advantages and Limitations of HVOF processes [9, 11] 

Limitations Benefits Coatings Applications 

Coating can spall at high 

load, 

Low strain to failure, 

Difficult to coat intricate 

shapes 

More complex compared to   

electroplating, 

High equipment cost 

compared to Hard Chrome 

Plating (HCP), 

High noise during coating 

Higher density 

Higher hardness 

Higher adhesive & 

Cohesive strength 

Lower oxide content 

Improved corrosion barrier 

Greater chemistry/ Phase 

retention 

Fewer unmelted particles 

content 

Thicker coatings (per pass 

& total) 

Smoother as sprayed 

surfaces 

Aerospace, 

Power generation, 

Automotive industries, 

Oil sands, 

Marine industries, 

Thermal barrier coatings, 

Mineral processing, 

Petrochemical industries, 

Directional drilling tools, 

Bucket wheels, 

Conveyers, 

Shovels, 

Heavy hauler trucks 
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Table 2.3: Advantages and limitations of Air Plasma Spray processes [11, 12] 

Limitations Benefits Coatings Applications 

This results in less hardness 

and more oxide content than 

HVOF method. 

Treatments in air at high 

temperature which limits the 

choice of materials. 

Only low temperatures 

applications 

Small treated surface 

Microwave device (expensive 

power supply, 

very accurate machining, 

safety rules) 

Discharge ignition 

Small treated surface 

Difficult to industrialize 

(stability problems, lifetime) 

Discharge ignition 

Small treated surface 

Hard and wear resistant 

coatings can be made,  

Since major adhesion takes 

place because of mechanical 

anchorage rather than 

metallurgical bonding, 

therefore large varieties of 

substrates and coating 

materials can be used,  

Process is carried out in air and 

hence low cost and easy to 

handle as compared to 

Vacuum Plasma process. 

Complex surface treatments 

Simple design 

Suitable for both low and 

high temperature applications 

Complex surface treatments 

Large range of applications 

(rather low temperatures) 

Wear and corrosion 

resistant coatings 

where oxide or carbides 

etc are used. 

Surface treatments: 

cleaning, 

decontamination, 

activation, 

etching, coating 

Spectroscopic analysis 

Gas cleaning 

Toxic waste treatment 

Machining 

Spectroscopic analysis 

Gas cleaning 

Surface treatments: 

cleaning, activation, 

coating 

Powder treatment 

Lamps 

 

Table 2.4: Advantages and limitations of Vacuum Plasma Spray processes [12-14] 

Limitations Benefits Coatings Applications 

Carried out in closed 

vessel and at low 

pressure and is  

therefore difficult to 

handle 

Very limited air therefore close 

control over phases’ stability. 

More hardness. Less oxide 

content in coatings and powder 

than air plasma sprays method. 

Oxygen sensitive coatings 

e.g. Titanium based 

composite  

MoSi2 , 

Diesel engine grow plugs 

 

aerospace like original engine manufacture as well as in the overhaul engine components. The 

components include piston rings, synchro rings, shifter forks, oxygen sensors and landing 

gears of the aeroplanes. Hard chrome plating is also used for landing gears but these coatings 

are less environmental friendly and producing hazardous gases. The reason for WC-Co 

coatings is their superior resistance towards mechanical degradation mechanisms like 

abrasion, fretting and erosion. Abrasive wear resistance is also an important problem in the oil 
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sand industries in the Fort McMurray oil fields in Alberta, Canada. This coating is therefore 

used on several components 

Table 2.5: Advantages and limitations of Vacuum Plasma Spray processes [15-17] 

Limitations Benefits Coatings Applications 

Difficult to monitor and 

control process 

parameters throughout 

the coatings e.g. 

temperature and 

velocity. 

High level of noise 

necessitates extra 

precautionary measures. 

Complicated conditions 

for coating on work 

piece. 

Strong adhesive bond 

without or with a moderate 

heating 

Low work piece preparation 

requirement prior to coatings 

Wider possibility for 

controlling thermal cycle 

High rate of coating 

thickness growth 

Equipment is simple 

Low porosity 

Denser coatings with higher 

wear resistance. 

Automobile and aircraft 

industries for wear, erosion, 

corrosion and oxidation 

resistance,  

Agriculture and Light 

industries,  

Etching and surface 

modification to create  

Porous layer,  

Surface engineering to 

improve properties such as 

frictional behaviour, Electrical 

conductivity , heat resistance  

 

of the machineries used in these industries. Examples are heavy hauler trucks, hydraulic 

pipelines, valves and pumps responsible for moving slurry [18, 19].  

Tungsten Carbide has a Vickers hardness of about 2200 VHN which adds to the hardness of 

the composite while cobalt acts as a softer binder and hence adds to the toughness of the 

composite. The formation of non-WC phases in the nanocrystalline WC-cobalt coatings 

during HVOF process is a challenge as discussed by Khan et al. [20]. These phases not only 

are brittle but are also accompanied with the increased porosity in the structure. These porous 

structures are the result of carbon dioxide formation from the graphite formed during WC 

decomposition into W2C. Nanocrystalline materials have the advantages of both high 

hardness and toughness simultaneously which otherwise are exclusive properties as reported 

by Valiev [21]. Due to severe environmental condition in the oil sand, like mixture of 

aggressive gaseous medium, severe wear damage and degradation of operating machinery and 
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equipment component causes the premature failure. A higher wear resistant coating is 

therefore required to overcome this problem. Wear-free nanocrystalline materials can be 

developed as discussed by Valiev [21]. As already discussed, decarburization of WC is a 

problem during HVOF coating; nanocrystalline WC degrades to higher extent than 

microcrystalline WC as discussed by Saha et al. [22]. As a result of this degradation of WC to 

W2C, which is comparatively a brittle phase, a higher wear rate was reported during sliding 

wear of the nanocrystalline WC-12% cobalt coatings than microcrystalline coatings. This 

degradation of WC produces graphite according to the following reaction 

CCWWC +→
2

  (2.1) 

This graphite readily oxidizes in the presence of oxidizing environment which leaves pores 

inside the coatings, which is another reason for their decreased wear resistance. So duplex 

coating not only reduces the decarburization of WC but also reduces the porosity in the 

coatings. Stewart et al. reported in [23] that the abrasive wear rate of coatings made from 

nanocrystalline WC-cobalt give 1.4 to 3.1 times higher wear rate than those made from 

microcrystalline powders. This increase in wear was attributed to the greater degree of 

decomposition of nanocrystalline WC particles which result in the reduction in volume 

fraction of WC phase and the formation of brittle amorphous binder phase within the coating. 

A detailed microstructural study of HVOF sprayed nano and microcrystalline WC-cobalt 

coatings were carried out in [24]. The nanocrystalline WC grains were in the range of 70-

250nm while the microcrystalline WC grains were in the range of 2-5 µm. Difference in 

microstructures and also the phases present in the two Coatings was observed. It was reported 

that cobalt matrix melts during HVOF spraying causing the dissolution of WC grains in the 

melt. This results in the formation of non-WC phases. Since nanocrystalline WC has a greater 
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surface area to volume ratio, therefore greater extent of WC is available for dissolution in the 

cobalt matrix. Therefore, more decarburization or non-WC phases formation are logical in 

nanocrystalline WC-cobalt coatings than in the microcrystalline WC-cobalt coatings. W is 

observed only in the nanocrystalline coatings but tungsten hemicarbide (W2C) is observed in 

both nano and microcrystalline coatings. Crystalline cobalt was not observed in both nano and 

microcrystalline coatings. Amorphous and nanocrystalline phases were also observed in the 

coatings made from the two feedstock powders. It is observed that both the coatings have 

smaller carbon content but nanocrystalline coatings have much smaller carbon contents than 

the microcrystalline coatings. The carbide contents reduced from 65% in the powder to 27% 

in the coatings. It is also noted that in the conventional microcrystalline coatings, the WC 

grains were covered with W2C shells. The higher content of W was responsible for more 

brightness of the W2C shell. In the nanocrystalline coatings more brightness is observed in 

some particles compared to the others. This brightness was attributed to the formation of W 

and more W2C phases’ formation as reported by. Kamnis et al. [25] studied the effect of 

particle on their temperature, velocity etc., and it is shown that smaller particles attain highest 

temperature around 200 mm standoff distance. High temperature results in higher degree of 

decarburization and more porosity in the coatings. Higher decarburization results in lower 

fracture toughness. The surface cracking propagates along the preferential crack paths 

provided by the tungsten rich binder phase and wear is thus exacerbated by decomposition 

during coating. From the reported literature discussed in this section it can be concluded that 

wear resistance is high for nanocrystalline WC-cobalt coatings if the WC phase is retained 

and porosity and brittle phases formation is controlled to minimum. Otherwise 

microcrystalline coatings will have higher wear resistance than nanocrystalline coatings. 
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2.4 HVOF Sprayed WC-Co coatings 

WC-cobalt posses excellent adherence to the substrate, good cohesion, low porosity, high 

hardness, and low tendency to form brittle phases (e.g. W2C, Co3W3C) during high velocity 

oxy-fuel (HVOF) thermal spraying processes as discussed by Guilemany et al. in [26]. The 

HVOF possesses advantages over plasma spraying techniques such as high particle velocities 

and lower peak particle temperatures, producing a more densely consolidated deposit with 

reduced formation of detrimental reaction products and correspondingly improved wear 

properties. The size and volume fraction of reinforcing phase, quantity and type of the matrix 

material, shape and size of the abrasive, and the aggressiveness of the environment play a key 

role in determining the properties of the coating as reported by Williams in [27] and , Stern in 

[28].  

Deuis et al. [29] discussed that hardness and fracture toughness of the matrix and the 

reinforcement as well as the reinforcement/matrix interfacial strength are the most important 

mechanical factors that determine the wear resistance and failure behaviour of cermet based 

coatings. Hardness of a composite determines the penetration depth of hard particles that are 

free to roll and slide between two surfaces, and therefore an increase in the hardness of the 

composite would reduce the abrasive wear rate. Fracture toughness, on the other hand, 

influences the critical load necessary for crack propagation through the coatings. Therefore, 

high hardness and toughness are necessary to increase the abrasive wear resistance of the 

coatings. In addition, the size distribution of reinforcing phase may also influence the wear. 

The studies on this issue are very limited, most of the published work as reported by Hu et al. 

in [30] and, Sannino et al. in [31] showed that the homogeneously dispersed reinforcing phase 

could result in lower wear rate. 
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2.5 Nanocrystalline WC-Co coatings 

Previous work with WC-Co cermet coatings has shown that decreasing the WC crystal size 

from the micron scale to the nanometer scale increases the hardness, mechanical strength, 

resistance to abrasive and sliding wear of sintered bulk WC-Co cermets. Further, in some 

studies using nanocrystalline feedstock powders, improved properties such as higher 

hardness, strength and corrosion resistance than the conventional microcrystalline powders 

have been reported in coatings that were applied to metallic substrates by the HVOF thermal 

spraying method as reported by He et al. [32]. Qiao et al. [33] reported that wear loss was 

higher in nanocrystalline coatings with a carbide grain size between 30-50 nm compared with 

WC-Co coatings with conventional sized WC grains (1-20 µm) when deposited under similar 

conditions. The later has been explained in terms of the increased surface area of WC 

allowing greater degradation and dissolution of WC phase, and hence increased proportion of 

detrimental reaction products such as W2C and (W, Co)6C. There has been no specific answer 

however to, whether deposition parameter optimization is able to reduce the dissolution of the 

WC while still retaining a densely consolidated deposit. In the same study, further increase in 

the dissolution of the WC hard phase has been noted on decreasing the Co binder phase 

content. In a recent study of coatings deposited using near-nanocrystalline WC-Co powder 

with a densely packed WC grain size between 200-300 nm a higher sliding wear resistance 

(independent of the deposition parameters) compared with conventional WC-Co coatings has 

been reported  by Nerz et al. [34]. 

2.6 Synthesis and Processing of Duplex Co-coated WC-17Co Powder  

It is important to control the chemical composition; microstructural features and synthesis. 

Spray conversion processing method moved from basic research to industrially e.g. grain size, 
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layer spacing and surface chemistry of nanocrystalline materials during processing applicable 

process fairly quick. This method developed by Kear et al. [35-37] holds above features in the 

final nanocrystalline product with relative inexpensiveness. The process starts with aqueous 

solution precursors such as ammonium meta-tungstate (NH4)6(H2W12O40).4H2O with cobalt 

salts: COCl2 and Co (CH3COO) 2. Spray drying is an essential step in adjusting the Co/W 

ratio in this precursor mixture. The solvent phase is rapidly evaporated in a hot gas stream, 

which results in rapid precipitation of the solute mixture, which is then thermochemically 

converted to give extremely fine mixtures of tungsten and cobalt complex compound 

Co(en)3WO4-H2WO4. This precursor powder is then reduced with hydrogen and reacted with 

carbon monoxide in a fluidized bed reactor to yield near-nano phase WC-Co powder. The end 

result from the spray drier is a typical agglomerated powder particle consisting of a hollow 

porous spherical shape containing hundreds of millions of WC grains in cobalt matrix, with a 

narrow particle size distribution. The spray dried powder was collected, debound and sintered 

to remove any residuals from the spray drying process. 

To avoid abnormal grain growth of tungsten during liquid phase sintering, as a grain growth 

inhibitor, metal carbide such as VC was added into the starting solution to achieve a more 

uniform distribution in the powder mixture. VC is added as WC grain inhibitor.  Once the 

material was removed from the furnace, it was then ground and sifted to the required size in 

preparation for coating by chemical vapour deposition (CVD). The CVD coating process was 

used to develop a thin cobalt layer around the individual powder particles resulting in a coated 

near-nanoparticulate powder. The CVD coating is strongly adherent and the coverage of the 

particle is complete, as it utilizes fluidized bed reactor to deposit coating from inorganic metal 
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precursors e.g. (NH4)6(H2W12O40).4H2O, CoCl2.Co(NO3)2 and  allowing more than 100 kg of 

material to be coated at a time. 

2.7 Applications  

HVOF coated components find wide spread application in several industries including 

aerospace, oil sand and other petrochemical industries, mineral processing, power generation, 

glass and paper industries etc [38]. In aerospace industries the WC-based coatings are widely 

used to enhance their resistance to wear, reworking and rebuilding operations and repair of 

worn components on landing gear, hydraulic cylinder, actuators, propeller hub assemblies, gas 

turbine engines, and so on. Coatings based on the WC-Co system have been extensively used 

for wear resistance applications. Abrasive and erosive wear of components and machinery is 

an important issue in the oil sand industries of Canada. This coating has potential for use to 

protect hydraulic pipelines, valves and pumps responsible for moving slurry during the 

processing of bitumen to produce oil. High velocity oxy-fuel spraying process has been used 

to produce WC-Co microcrystalline and nanocrystalline coatings.  

HVOF sprayed WC-10Co-5Cr was used for application in hydropower plants. The slit erosion 

and abrasive wear was studied by Mann et al. [39]. This was compared to plasma nitrided 12 

Cr and 13Cr-4Ni steel.  It was concluded that the HVOF sprayed WC-cobalt coatings perform 

much better than the other materials used in this study. They had a fewer voids as defects. 

Advantages and limitations of HVOF spray methods are summarised in Table 2.2.  

2.8 Abrasive Wear Behaviour of WC-Cobalt Coatings  

The interest in the properties of thermally sprayed nano grain WC-cobalt coatings is 

increasing. These powders in the sintered form have a high hardness of 2200-2300 VHN [40]. 

But here also preferential decarburization of WC-cobalt coatings is observed. It was reported 
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that specific wear rate increases with increasing carbide grain size. Abrasive wear also 

depends upon hardness and toughness of the materials. It also depends upon surface 

roughness and increases with the increase in roughness as reported by Hisakado [41]. 

Tungsten carbide coatings have been extensively used in wear resistance applications. This 

cermet material has a combination of high hardness and toughness. Tungsten carbide adds to 

the hardness while cobalt adds to the toughness of the materials. Both of these properties play 

important role in the wear resistance property of the materials as mentioned earlier. The wear 

resistance also depends upon the phases present in these coatings.  

Abrasive wear behaviour of the materials depends upon various parameters. These parameters  

include but are not limited to 

1. Hardness 

2. Toughness 

3. Binder mean free path 

4. Brittle phases 

5. Porosity 

6. Surface roughness 

7. Grain size 

8. Duplex cobalt coating 

9. Failure mechanism etc. 

These parameters are discussed below: 

2.8.1 Effect of Hardness and Fracture Toughness  

Some researchers investigated the fracture toughness and hardness dependent polishing wear 

of silicon nitride ceramics. It was noted that wear volume decreases with increasing toughness 
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and hardness while this increases with the increasing applied load and sliding distance Gardos 

[42]. The wear rate is given by the following relation. 
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Where V is wear volume, KIc is fracture toughness, H is hardness, P is normal load, and d is 

the sliding distance. This shows that wear volume decreases with increasing hardness and 

toughness values. 

A relationship between abrasion resistance, hardness, cobalt content, grain size and mean free 

path in the WC-cobalt coatings is shown by Quigley et al. in [43, 44]. It was reported that 

hardness can be used as indirect measure of abrasion resistance at low hardness values. At 

lower hardness values the wear process takes place mainly due to plastic deformation. Above 

1000 VHN, the main wear mechanism was noted to be microfracturing of the coatings. This 

microfracturing depends upon toughness values. It means that at higher value of hardness, 

fracture toughness control the wear rate of the materials. The relation between hardness and 

fracture toughness is discussed by Quigley et al. [44]. Hardness of the WC-cobalt composite 

was observed to decrease with increasing fracture toughness.  

2.8.2 Effect of Grain Size and Mean Free Path 

Wear resistance of a WC-cobalt cermet depends upon the binder mean free path and grain size 

of WC. The mean free path depends upon the grain size and cobalt volume fraction in the 

composite. The following equation shows this relation given by Luyckx [45] 

214.0691.0975.5
2

+−= CoCo VV
d

λ
 

Where λ is the mean free path, d is the grain size and VCo is the cobalt binder volume fraction. 

The mean free path depends upon WC grain size. It decreases with decreasing WC grain size. 

(2.3) 
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The wear rate was correlated to mean free path [45]. It was reported that wear rate increases 

with increasing mean free path. This means that wear rate decreases with decreasing WC 

grain size. It is reported by Saito et al. [46] that the abrasive wear resistance increases as the 

hardness of the composite increases. The reason is that the movement of abrasive particles 

across the surface becomes difficult which causes decreased amount of wear debris formation. 

Furthermore the wear resistance is lower for ultra fine and fine grain sized WC-cobalt 

coatings than medium and coarse grained sizes coatings. The effect of grain size on mean free 

path is discussed by Quigleya et al. [47]. As the mean free path increases, the interruption in 

the crack propagation will decrease. This will facilitate the microcutting mechanism of wear 

and hence wear rate will increase or in other words wear resistance will decreases. It is shown 

in [47] that the abrasive wear resistance decreases with increasing mean free path. It is shows 

that as the grain size increases, the mean free path also increases. The effect of grain size on 

the specific wear rate of the materials is discussed by Quigley et al. [47]. It is shown that the 

specific wear rate increases with increasing grain size.  The results given in [48] and [46] 

show an inter relationship among mean free path, grain size and wear resistance of WC-Co 

alloys.  

Hall-Petch relation also correlates the grain size and the hardness, while the relation between 

hardness and wear resistance is shown in [46, 47] which show increased wear resistance with 

increased hardness. So hardness, mean free path, grain size and wear resistance are mutually 

inter-dependent properties. 

2.8.3 Effect of Applied Load, Sliding Distance and Coating Methods 

The total wear of WC-cobalt coatings always increases with increasing load, as discussed for 

example in [49]. It is shown by Chen et al. [49] that the wear rate increases with increasing 
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applied load. It again depends upon the high and low stress conditions as well. For high stress 

more wear rate is observed in all high and low loads conditions. Similarly for higher load 

more wear rate is observed both in the low and high stress conditions. Vacuum Plasma Spray 

(VPS) and Air Plasma Spray (APS) coatings were compared. VPS coatings had a lower 

porosity as compared to APS coatings, better inter-pass bonding and higher WC contents; 

these properties were correlated with greater abrasion resistance. A higher abrasion resistance 

was reported in the VPS coatings. 

2.9 Effect of Carbide Size and Cobalt Content on the Microstructure and Mechanical 

Properties of HVOF Sprayed WC-Co Coatings  

The effect of cobalt content and WC grain size in the WC-cobalt cermet was studied by 

Chivavibul et al. [50]. It was noted that the higher the cobalt content, lower be the particle 

temperature. The reason is that cobalt has high latent heat of fusion (16.06 kJ/mol) and high 

specific heat capacity (0.42 J/g. K). Lower process temperature resulted in lower WC 

decomposition and non-WC phases formation. Cobalt has also lower melting point than WC. 

Molten cobalt rebounds at the substrate surface to lesser extent than WC and this result in 

more cobalt content at the coating substrate interface, than the feed stock powder. The 

mechanical properties of WC-Co cermet are studied by Quigley et al. [43]. Co was varied 

between 3 and 50% while the powder sizes were 5.1, 3, 1.1 and 0.6 µm. It was concluded that 

hardness decreases with increasing percentage of Co. For all same compositions, the hardness 

for fine grains is more than those for courser grains. The abrasion resistance decreases with 

increasing percentage of Co. There is a dramatic decrease in abrasion resistance beyond a 

certain limit of Co. The mean free path decreases with decreasing size of particles. The 

hardness decreases with increasing mean free path. Hardness increases with decreasing 
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particle size. Up to 1000 VHN, the main wear mechanism is affected only by hardness of the 

materials, while above that value microfracture becomes the dominant wear mechanism. The 

resistance to microfracture depends on the toughness of the material and in fact, it has been 

shown that courser grades are tougher than the finer grade of equal hardness up to a critical 

hardness. It was concluded during this work that hardness can be used as direct measure of 

wear resistance at lower hardness values but at higher hardness values fracture toughness is 

even more important. 

2.10 WC Phase and Formation of Non-WC phases  

The isothermal section of W-C-Co Phase diagram at 1400 °C is shown in figure 2.1. It can be 

seen that five different compounds formation is possible as shown by McHale et al. [51]. 

These compounds are WC, W2C, Co7W6, (Co,W)12 C, (Co, W)6C. These compounds have 

their own set of properties which will eventually reflect in the composite coating. XRD is an 

important tool to investigate whether some other compounds are formed in the coating or not. 

The wear study of the nanocrystalline WC-cobalt composite coatings was first reported by 

Stewart et al. [23]. The wear rate observed here for nanocrystalline coatings was more than 

that for microcrystalline coatings. The reason is decarburization of WC Phases and formation 

of non-WC phases to a greater extent in the nanocrystalline than their conventional 

microcrystalline counter part. Cobalt coated nanocrystalline WC-cobalt composite and 

nanocomposite coatings from spray-dried powder were studied by Baik et al. [52]. As a result 

of nanocrystalline WC-cobalt composites coatings with cobalt layer prior to HVOF spraying 

coatings, less non-WC phases were observed in the nanocrystalline coatings than those 

observed in the microcrystalline coatings. This phase stability resulted in higher wear 

resistance for nanocrystalline coatings than microcrystalline coatings. The better phases’ 
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stability will result in absence of non-WC phases which are brittle and also accompanied by 

some porosity. Both porosity and brittleness harm the wear resistance of the coatings [23].  

2.11 Effect of Feedstock Powder Particle Size 

Feed powder size is an important parameter in the HVOF spray processes. He et al. studied 

the effect of powder particle size over temperature that the particle experiences during spray 

process as shown in Table 2.6 [53]. During this research a near-nanostructured WC-18 wt. % 

cobalt coatings made through HVOF process are studied  

 

Fig.2.1. The isothermal section of WC-C-Co phase diagram at 1400 °C [51] 

Different fuel types, fuel to oxygen ratio and powder particle sizes are used. The effect of all 

these parameters on the phases stability is published literature [62]. During this research work 
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the effect of powder particle size and WC grain size is studied on the properties of the 

coatings. It is shown in Table 2.6 that as when small particle size is used, the particle will 

experience higher temperature. The in-flight particle dynamics of non-spherical powder are 

studied using numerical modeling studies by Gu et al. [54]. It is shown here also that the 

particles with coarser size experiences lower temperature at impact than those particles with 

smaller particle size. Hence the experimental results given in [53] and numerical results 

shown in [54] are in agreement. But Coltters et al. showed that W2C is more stable at higher 

temperature than WC [55], therefore WC will under go decarburization more preferentially at 

higher temperature than at low temperature. This higher volume fraction of W2C is observed 

for smaller particle size which experiences higher particle temperature as shown in Table 2.6. 

The higher decomposition of WC and its decarburization results in lower toughness as shown 

by Chivavibul et al. [56] and higher wear rate. It is reported by Liu et al. [57] that as the 

particle size decreases, the percentage of W2C increases while that of WC decreases. A higher 

hardness is also reported for the coatings made from finer feedstock powders. It is reported in 

[24, 25] that the powder temperature increases as its size decreases while higher 

decomposition of WC is reported at higher temperature by Jacobs et al in [58], and Nieminen 

et al. in [59]. 

Table 2.6: Showing the effect of powder particle size on its temperature [53] 

Sample code Particle size (µm) Temperature (K) W2C vol.% 

SH62 20.33 1866 8.05 

MH62 32.04 1807 3.80 

LH62 38.55 1687 2.89 

 

2.12 Evolution of HVOF Sprayed Nanostructured WC-Co Coatings  

HVOF sprayed nano- and microcrystalline WC-cobalt coatings are studied by a number of  
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researchers [5]. Research work of a few research groups is discussed in this section. Since 

abrasive wear behaviour of these coatings depends upon microstructures and phases present in 

the coatings and the coating density, which depends upon the condition of starting powders 

and process parameters, therefore the effect of these initial conditions on the overall 

performance of the coatings, is discussed below.  

The HVOF spray coatings parameters using nano and microcrystalline powders are shown in 

Table 2.7. It can be seen from the XRD study that the microcrystalline coatings contain only 

W2C but the nanocrystalline coatings contain both W and W2C in addition to WC. It can also 

be observed that nanocrystalline coatings have larger W2C to WC major peaks ratio than the 

microcrystalline coatings. This brittle W2C phase formation is also accompanied with porosity 

in the structures which leads to lower wear resistance of the nanocrystalline coatings when 

compared to their conventional counter parts. It means that nanocrystalline WC undergoes a 

higher degree of decomposition. The microstructural changes are discussed in more detail 

with reference to thermodynamics and powder morphology for both nano- and 

microstructured coatings in [24]. The nano and microcrystalline WC grains, used in this study 

were in the range of 70-250 nm and 2-5µm, respectively. When the WC grains are heated, 

cobalt matrix melts and starts dissolving the WC grains in contact. Since nanocrystalline WC 

grains have high surface area to volume ratio as compared to microcrystalline grains, it means 

that for same volume of nano-and microcrystalline WC grains, nanocrystalline WC grains will 

be more exposed to reaction with molten cobalt binder. Decarburization of semi-molten 

particles promotes further dissolution of WC in that region. This means that nanocrystalline 

WC grains will decarburize to greater extent under same spray conditions. That is why more 
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intense peaks are observed in [23, 24] for non-WC phases in the nanocrystalline WC-cobalt 

coatings as compared to microcrystalline coatings.  

In addition to powder morphology and size the fuel type and fuel to oxygen also affect the 

microstructure and coatings density and thereby the final properties of the coatings. 

Sudaprasert et al. [60] used two different types of fuels. Liquid (Kerosene) and gas 

(Hydrogen) HVOF spraying processes were used to compare the microstructure and 

performance of the coatings. The Met-Jet II HVOLF system (Metallisation Ltd., Dudley, 

UK), with kerosene as fuel and Praxair/UTP Top-Gun system (HVOGF) with hydrogen as 

fuel were used during this study. Since High Velocity Oxy Liquid Fuel (HVOLF) has lower 

temperature than the High Velocity Oxy Gas Fuel (HVOGF) process and also the residence 

time of the composite at high temperature is smaller in the former than in the later case, 

therefore less decarburization is observed during the HVOLF process than the HVOGF 

process. The ratio of peak intensity of non-WC/WC phases is smaller in the case of HVOLF 

process than in the case of HVOGF process. Higher temperature, however, in the HVOGF 

process lead to stronger adhesion between the WC and cobalt matrix and better alloying took 

place which ultimately resulted in better wear performance and higher hardness values of 

HVOGF sprayed coatings compared to those produced during HVOLF process. The 

conclusions made here are different compared to that made by Schwetzke et al. [61], who 

concluded that coatings made with hydrogen as a fuel are less wear resistant than those coated 

with kerosene because other spray parameters like fuel to oxygen ratio was different. The 

extent of decarburization as a result of the type of powder sprays system and spray condition 

was studied. Other researchers also studied the effect of fuel chemistry and feedstock powder 

on tribology and mechanical properties of WC-cobalt coatings reported by Qiao et al. [62].  
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Neutral, oxidising and reducing flames and 12 and 15 wt. % cobalt binder was used during 

this study. Fuel to oxygen ratio was 0.17, 0.23 and 0.29 in the oxidising, neutral and reducing 

flames respectively. Nano, near-nano, micro and multimodal powders were used for coatings. 

The WC grains were in the ranges of 30-50 nm, 200-300 nm, 0.3-3µm and 2-3 µm. Here also 

higher decarburization was reported for nanocrystalline coatings than for microcrystalline 

coatings and the reason mentioned is the same i.e. higher surface area to volume ratio. The 

effect of decarburization is however more pronounced for abrasion resistance than sliding 

wear resistance. The coatings made from multimodal powders at elevated temperature have 

outstanding sliding and abrasive wear resistant coatings. It was also reported that the near-

nanocrystalline coatings have higher wear resistance with lower wear rate of the mating 

materials i.e. silicon nitride. Coatings with highest hardness and toughness values were 

observed when neutral flames (Fuel to oxygen ratio, 0.17) were used. This was attributed to 

sufficient melting of the agglomerates and limited reaction between the cobalt binder phase 

and the WC grains. Lowest decarburization was reported when used neutral flame. It was also 

noted that the use of reducing flame to control the decarburization was not much helpful in 

enhancing wear resistance. An extensive study was performed by Shipway et al. [63] and very 

interesting results in terms of microscopy, XRD peaks etc. were reported. These results 

showed that nanocrystalline coatings undergo decarburization to higher extent than 

microcrystalline coatings [62]. Sliding wear behaviour was also studied in [63] and the results 

reported were in close agreement with those reported by Shipway et al. [23] by the same 

research.  

During the above discussion which was mainly based on the findings of Shipway et al. except 

ref. [61, 62], it can be concluded that nanocrystalline coatings are less resistant to wear than 
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microcrystalline coatings. In [61], Schwetzke et al., however reported that wear rate is not 

much influenced when decarburization is less than 60%. So the benefit of small size in terms 

of hardness and wear resistance can be observed in the nanocrystalline coatings. It is also  

Table 2.7: showing the coating parameters and phases identified [23, 24] 

 

reported in [62] that higher hardness and wear resistance can be achieved in nanostructured 

coatings if fuel chemistry e.g. type of fuel and fuel to oxygen ratio is properly adjusted.  

In addition to fuel chemistry, some more methods are discussed below to enhance the wear 

resistance of nanocrystalline WC-cobalt coatings made through HVOF process.  

K.H. Baik et al. [64] tried to improve the wear resistance and hardness of nanocrystalline 

WC-cobalt coatings. A variety of nanocrystalline powders (with and without cobalt cover) 

were sprayed by Baik et al., using HVOF process. A number of non-WC phases including 

W2C, W and CoxWxC were observed in the coatings. It was noted that porous and irregular 

powders under go more decarburization than regular and dense powders. This shows that even 

if the size of WC and spray conditions is kept constant, even then the powder morphology has 

an influence on the decarburization and properties of the coatings. In a further study, 

nanocrystalline powders were developed and their properties were investigated by Kim et al. 

[65]. In can be concluded that nanocrystalline coatings can have better performance if 

Powder used HVOF Spray parameters Phases identified 

1. Sintered and 

crushed 

conventional 

powder (17 wt. 

%Co and 83 wt. 

%WC) ~ 2µm WC 

2. 15 wt. % cobalt and 

85 wt.% WC, 

~75nm WC 

Oxygen flow rate= 240 l/min 

Fuel gas flow rate= 640 l/min 

Spray distance= 300mm 

Powder feed rate= 3 kg/hr 

Carrier gas (N2)= 16.5 l/min 

1. WC 

2. W2C 

intensity ratio of W2C is 

higher for nanostructured 

coatings compared to 

microstructured coatings 

which indicate higher 

decarburization in  

nanostructured coatings 
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properly used. For example if a cobalt layer is used to cover the WC-cobalt composite. Table 

2.8 shows various types of powders used during [65]. The relative wear resistance is lowest 

for powder B and highest for powder C. Coating C had also highest hardness values. 

Other novel technique was used to protect WC from decarburization during HVOF spraying 

by He et al. [53]. The WC-cobalt composite was covered with a thin cobalt layer. The spray 

dried composite powder was immersed into a cobalt hydrate solution for a few seconds. The 

composite was then dried at 200 °C and then reduced in the presence of hydrogen atmosphere. 

A thin cobalt layer was formed around the WC-cobalt composite which prevented 

nanostructured WC-cobalt composite from decarburization. The XRD study of this coating 

when compared to that reported in [23, 24] shows that the non-WC/WC peaks are much 

smaller in the former case than in the later case. This shows that decarburization is controlled 

during this study [53]. The wear rate reported for nanocrystalline coatings is much lower for 

cobalt coated powders than for spray dried powders. Also the former powders are harder than 

the later powder. 

Table 2.8: showing various types of powders [65] 

Powder 

Designation 

Powder condition 

A Powders with irregular shapes having large amount of open pores. This 

results in large surface area to volume ratio which facilitates melting of 

the powders which results in dense coatings 

B Densely packed powders which results in non-uniform melting of the 

powders during spraying producing porous coatings 

C  Powders with controlled porosity and openings formed through pre-

flocculation method. This resulted in the formation of dense coatings 

with minimum decarburization 

 

2.13 Summary 

In this chapter thermal spray processes in general and HVOF spray in particular are discussed. 
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WC-cobalt coatings and its wear behaviour are discussed. It can be concluded that wear rate 

depend upon hardness, toughness, grain size, mean free path and thermal stability. Therefore, 

in this dissertation, these parameters are studied and correlated to the wear rate of near-nano 

and microcrystalline WC-cobalt coatings. Since the properties of the nanocrystalline coatings 

depend upon the morphology, size etc, of the starting powders and the HVOF spray 

parameters, therefore the effect of these parameters on the properties of the coatings has been 

discussed in detail in this chapter.  
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CHAPTER 3 

EXPERIMENTAL PROCEDURE 

3.1 Introduction 

In this chapter, the materials, equipments used and experimental procedures adopted during 

this research work are discussed. During this study, the HVOF sprayed near-nano and 

microcrystalline coatings are studied. A pin on plate reciprocating sliding wear test using 

wear test machine equipped with LVDT sensor is conducted in order to investigate the 

tribological behaviour of the two types of coatings. Sliding wear test is carried out under 

different loads and sliding speeds and for different sliding distances. Fracture toughness is 

calculated using Vickers indenter, for both near-nano and microcrystalline coatings. 

Microhardness was also measured for both near-nano and microcrystalline coatings. The 

hardness profile was also measured from coating through interface to the substrate. SEM 

images are taken for the feed stock powders and coatings before and after sliding wear tests. 

The wear debris and crack propagation mechanism was studied. The worn surface was studied 

using Scanning Electron and Atomic Force Microscopy. Optical and Scanning electron 

microscopy was carried out to study the coating substrate interface.  

3.2 Materials 

The chemical composition and particle size distribution of the feedstock powders used in this 

research are presented in Table 3.1. The engineered near-nanocrystalline powder (PComP
TM

 

W) was produced by a spray dry and conversion process by McCandlish et al. [1] and was 

received from MesoCoat Inc. (Euclid, OH). WC-cobalt cermets are produced and optimised 

by Sulzer Metco for various applications and spray process. The optimised microcrystalline 

WC-17 wt % cobalt powder (Diamalloy ®2005) was used as term of reference in this study. 
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The engineered duplex cobalt coated powders (PComP™ W-Mesocoat) contained Co (i.e. 

ductile phase) 6 wt.% mixed into the core to insure that the WC reinforcement phase was 

dispersed discontinuously to limit decohesion during wear. The remainder of the binding 

phase (11 wt.%) was applied as a coating on the particle to improve ductility of the sprayed 

coating. Powder particles were mostly spherical in morphology and similar to conventional 

powder produced by spray drying and sintering methods (supplied by Sulzer Metco in 

Westbury, NY). Sulzer Metco has produced a number of WC-Cobalt cermets with different 

cobalt contents. The effect of cobalt contents is investigated by a number of researchers but 

here only WC with 17 wt.% cobalt are studied. Atomic absorption spectroscopy was carried 

out at mineral testing laboratories, Peshawar. The tests were conducted by using a SensAA-

GBC model atomic absorption spectroscopy. EDX study was conducted using Scanning 

Electron Microscope; model XL30, Philips to investigate the cobalt distribution in the cermet.  

3.3 Substrate Surface Preparation 

The AISI 1018 steel with an average surface roughness (Ra) value of 0.81 µm was used as a 

substrate material for coating. The substrate surface was prepared for HVOF spraying by grit 

blasting with 97% Al2O3 and 3% TiO2 mixture using a 686 µm grit size, with a size 

distribution between 425 and 850 µm. The specimens were degreased with acetone followed 

by cleaning in an ultrasonic bath. The mean surface roughness, Ra, was measured at 11 ± 2 

µm. Table 3.2 shows the chemical composition, heat treatment condition and surface 

roughness of substrate material. 

3.4 Testing and Characterization Equipments  

The coatings used in this study were produced at the Hyprion Inc., Calgary,AB, Canada using 

High Velocity Oxy Fuel (HVOF) method. Prior to coating, the substrate was cleaned in ultra 
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sonication bath for 5 minutes using isopropyl alcohol. The mean surface roughness was 

measured using a surface roughness profilometry SJ-301 model (Mitutoyo, Japan). The Sulzer 

Metco (Westbury, NY) Diamond Jet Hybrid DJ2700 HVOF Torch was used for coating. 

XRD was performed for phases analysis in the micro and near-nanocrystalline coatings. The 

XRD equipments used was Rigaku Multiflex (Tokyo, Japan) at the University of Calgary 

while Philips PW 3710 X-ray Diffractometer was used at GIK institute. Atomic force 

microscopy was carried out at the University of Calgary for surface topography. The 

equipment used was AFM, XE100 model (Park System, Korea). The equipment was used in 

the non-contact mode. The SEM study was performed using an SEM model JSM-8200 JEOL 

(Tokyo, Japan) was used at the University of Calgary. SEM used for both powders and 

coatings in the back scattered mode. SEM used at GIK institute was XL30, Philips model. 

SensAA-GBC model atomic absorption spectroscope was used for chemical composition of 

the powders. 

Table 3.1: Coatings powders analysis used in this study 

 

Table 3.2: Composition and condition of substrate materials 

Material Chemical Composition Heat Treatment Surface 

Roughness 

AISI 1018 Wt. %C= 0.14-0.2; %Mn=1.3-1.6; 

%P= 0.04 Max; %S = 0.08-0.13 

Annealed Condition 11±2 µm 

3.5 High Velocity Oxyfuel (HVOF) spray deposition 

Spray deposition of the micro- and near-nanocrystalline powders was carried out at Hyperion  

Powders designation WC gain size Feedstock size Element, wt.% 

M 1-5 µm 5.5-45 µm Balance W, 17-Co, 5-C, 1-

Others 

CN 300-550nm 45-60 µm Balance W, 17-Co, 5.6-C, 1.5-

others 

FN 300-550nm 10-20 µm Balance W, 17-Co, 5.6-C, 1.5-

others 
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Technologies Inc. in Calgary, Canada, under equivalent conditions using a Sulzer Metco 

(Westbury, NY) Diamond Jet Hybrid DJ2700 HVOF torch. Methane was used as a fuel gas. 

The deposition parameters are shown in Table 3.3. The ratio between methane-to-oxygen in 

the fuel mixture was maintained at 0.68 to create an optimum structured phase structure 

within the final coatings. It is noted that the HVOF DJ2700 hybrid gun was equipped with an 

elongated, water-cooled nozzle that allowed higher gas temperatures (approximately 3000
o
C) 

and pressures than the conventional DJ9W gun. A traverse speed of the torch across the 

substrate of approximately 0.2 m/s was used and approximately 5 µm thickness/pass was 

deposited. The coating thickness used for wear test was approximately 375 µm. This coating 

thickness performed well for 20 min wear test and also was good enough for hardness test. 

The coating thickness measurement was performed according to ASTM E376-06 using a 

thickness gauge 3000FX model. 

3.6 Characterization of Powders and Coatings 

The novel near-nanocrystalline WC-17Co powder was obtained from MesoCoat Inc. in 

Euclid, OH, USA. The morphology of the powder and coatings were studied by a JSM-8200 

JEOL SEM in the backscattered mode under conditions of contrast to enhance features such 

as porosity. Microcrystalline and X-ray diffraction (XRD) analysis from the powders and the 

deposited coatings was conducted in order to study the phase composition and homogeneity 

of the materials. The study was conducted at the University of Calgary with Rigaku Multiflex 

(Tokyo, Japan) for the coatings made from powders CN and M. The XRD study for near-

nanocrystalline coatings with finer feedstock size (FN) was conducted at GIK institute with 

XRD Diffractometer model Philips PW 3710. For XRD analysis CuKα radiation source with 

a step size of 0.04°, 2θ, a step time 5 s was used at 40 kV and 20 mA over a scanning range of 
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10-90° 2θ. Major peaks of W2C and WC were compared for the study of decarburization by 

Baik et al. [2] 

Table 3.3: Deposition parameters adopted for the HVOF spraying 

 

 

 

 

a 
Standard litre per minute. 

The surfaces of samples were prepared by using standard metallurgical surface preparation 

techniques with a final polish using 1µm diamond paste for SEM images of as-sprayed 

coatings and traverse sections just below the groove surfaces. The worn surfaces formed as 

result of sliding under 60N load, a sliding speed of 28mm/s and a sliding distance of 33.6m 

was studied without polishing. The groove surfaces in both the nanocrystalline and 

microcrystalline coatings were studied.  SEM images just below the groove formed for both 

types of coatings were studied in order to compare the failure mechanism in the two coatings. 

Morphology of the debris formed in the two coatings is also studied. EDX study is carried out 

of the debris in order to investigate the elements in the debris. SEM XL30 Philips was used in 

this research. Atomic force microscopy (AFM) was conducted to study the surface profile of 

both nano and microcrystalline coatings slid under 60N load and at a sliding speed of 28 

mm/s. XE-100; Park Systems AFM was used in the non-contact mode. The XY scan was 

taken 20µm×20µm with low residual bow and the Z-scan was taken by high force scanner to 

250nm. The coatings made from micro and coarser feedstock near-nanocrystalline powders 

were mainly studied at the University of Calgary while the smaller feedstock near-

Deposition parameter Parametric value 

Shroud gas (air), slpm 
a 

276 

Oxygen, slpm 278 

Methane, slpm 189 

Carrier gas (nitrogen), slpm 13.5 

Powder feed rate, g/min 38 

Spray angle, degrees 90 
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nanocrystalline powders were studied at GIK institute. The images were taken using 

PAXcam3. ASTM standard E2109-01 (2007) was used for porosity comparison. The porosity 

was studied under 200 to 800 magnification using optical microscope. 

3.7 Hardness and Toughness Measurement 

Hardness tests were carried out using a Vickers microhardness indentation tester (Micromet 

II, Buehler) equipped with a diamond pyramid indenter operating under 300 g load as 

discussed by Cle’ment et al. [3]. The coatings surfaces were ground and polished before 

hardness and toughness measurement according to standard metallographic method, so as to 

remove the very thin surface scale formed on the coated samples and to observe the indents 

and the cracks formed on the surface. The surface was polished using emery paper up to 400 

µm grit size. The scale on the coating is necessary to be removed otherwise, crack and indent 

size measurement will be difficult. The hardness and toughness measurements were made on 

the coating surfaces.  

For each specimen, ten indentations were made and an average hardness value was recorded. 

The Vickers Hardness Tester DVK-2 model (Matsuzawa Seiki Co. Ltd, Tokyo) was used. The 

fracture toughness was measured using a load of 30 kg, the dwell time 35s and the loading 

speed of 300 µm/s. 

3.8 Wear Test Procedure  

A pin-on-plate reciprocating wear testing machine shown in figure 3.1 was used for sliding  

wear tests. The coating surface was prepared for wear tests as discussed above for hardness 

and toughness measurement. Linear Variable Differential Transformer (LVDT) sensor is 

mounted on the load beam to indicate the vertical movement. LVDT is used by a number of 

researchers for wear test measurement as for example Hird et al. [4]. A feeler gauge of 0.006 
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inch thickness was placed upon the test sample. The test was started and the feeler gauge was 

removed after a few seconds. Figure 3.2 shows an abrupt change sensor voltage as the feeler 

gauge is removed. The lowest voltage before and just after the removal of feeler gauge were 

noted, as indicated by P1 and P2 respectively as shown in figure 3.2, to calibrate the LVDT 

sensor, so as to monitor the change in worn groove depth. The lowest voltage values on the 

strip chart were selected because in principle, the wear groove depth increases every time as 

the diamond pyramid passes through the coatings. This is explained as follows: 

Before the test starts, the equipment is set with ±5Volts and a frequency of 4 Hz. Sensitivity 

of the equipment was ±0.05 mV. When test starts, volt meter gives a reading which is 

recorded and which correlates to the force between the sensor and the scar depth produced on 

the sample. As the scar depth increases, the force between the sensor and specimen decreases. 

This decrease in force which is indicated in the form of voltage is correlated to scar depth. 

This behaviour can also be observed during sensor adjustment before start of test and also 

when standard gauge is removed from the test sample as shown in figure 3.2. In principle the 

points on strip chart will lower continuously but in actual a fluctuation is observed. The 

reason may be that the diamond pin may move over wear debris or may not exactly follow the 

path which is followed in the last move. Therefore the lowest points are considered through 

out the study. The maximum and minimum voltages are because of the change in direction of 

motion of the wear test machine. 

The Linear Variable Displacement Transducer (LVDT) method was used to measure the wear 

rate of the coatings as, for example followed by Subramanian et al. [5]. Feeler gauges set 

ranging from 0.001 to 0.01 inch thickness were used in order to calibrate the LVDT 

transducers before the start of actual tests. A leaf of the feeler gauge was placed in between 
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the diamond pyramid indenter and the WC-cobalt coatings plate under the loads of 10-60 N. 

The test was started and just after a few seconds the feeler gauge was removed. An abrupt 

change in voltage was observed. This abrupt change was compared to the feeler gauge 

thickness. After 20 minutes the test was stopped and the change in voltage just after the 

removal of feeler gauge (point P3) and close to the end of test (point P4) were recorded. The 

test was conducted under different loads and different speeds of the machine. Table 3.4 shows 

a relation between feeler gauge thickness and voltage change. Table 3.5 shows the voltage 

difference and the corresponding scar depth for near-nano and microcrystalline coatings. The 

affect of sliding distance is given. The applied load was 60 N and sliding speed was 32 

mm/s.The wear test data analysis and a few representative data points are discussed in 

annexure. 

A graph was obtained as shown in figure 3.3 and 3.4. The lowest voltage at the start of wear 

test (point P3, figure 3.3 a) and end of wear test (point P4, figure 3.3 b) were noted to 

calculate the change in worn groove depth. Once the sensor of the LVDT machine was 

calibrated using the feeler gauge, and then the wear volume is calculated using the wear 

formulae. The data obtained from LVDT sensor showing scar depth in terms of voltage 

change as a function of sliding distance as shown in figure 3.4 and 3.5. The difference in P1 

and P2 corresponds to feeler gauge thickness and the scar depth in units of length is given by 

Eqn. (3.1) as follows: 

ThicknessGaugeFeeler
PP

PP
d ×

−

−
=

21

43  

An initial abrupt drop in voltage is shown in each graph showing the effect of feeler gauge 

during calibration. The voltage then drops during the course of material wear; however this 

decrease in voltage is small. The scar depth, wear volume, wear rate and specific wear rates 

(3.1) 
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LVDT 

Sensor 

 Load 

Diamond 

indenter 

Test sample 

Sensor adjustment 

   Indenter holder 

are calculated from these graphs. In a cermet coating, where a combination of metal and 

ceramic phases is present, the change in weight during the wear test is not always an accurate 

measure of wear loss. The plastic deformation of the surface may remove material from the 

immediate wear face and displace it to form a skirt or hump, particularly around a trailing 

edge. Consequently, the change in abrasive wear behaviour was measured by recording a 

dynamic change in wear groove width and depth as a function of sliding distance. Using the 

dimensions of the diamond tip and wear groove depth d, the Eqn. (3.2), developed by Mehdi 

[6] below was used to calculate the volume loss V as a measure of abrasive wear and data is 

given in Table 4.7. The selection of load was made based on an earlier study conducted by 

Pirso et al. [7] and was set at 10, 20, 40, and 60 N. 

2375.12 dV =  

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1. Schematic diagram showing of the sliding wear test machine 

(3.2) 
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Table 3.4: showing feeler gauge thickness vs. voltage change 

 

Table 3.5: showing the LVDT voltage change and scar depth 

Coatings Sliding distance, m Voltage change, V Scar depth, mm 

7.2 0.184 0.056046 

14.4 0.2748 0.083704 

21.6 0.331 0.100822 

Microcrystalline 

 

28.8 0.3702 0.112763 

7.2 0.2954 0.091328 

14.4 0.3728 0.115257 

21.6 0.4253 0.131489 

Near-

nanocrystalline 

 

28.8 0.4616 0.142711 
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Fig. 3.2. Plot showing effect of gauge removal on sensor voltage 

The sliding speeds were kept 24, 28 and 32 mm/s, while studying the effect of sliding speed 

on the wear rate. For the study of sliding distance on wear rate, the sliding distance was 8.4, 

16.8, 25.2 and 33.6 m, keeping the sliding speed at 28 mm/s  

Gauge Thickness, inches 0.001 0.002 0.004 0.006 0.008 0.01 

Voltage, Volts 0.1183 0.2375 0.5220 0.7595 0.9973 1.2815 
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(b) 

Fig. 3.3 Plots showing the lowest voltage points at the (a) start and (b) end of wear test 
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Fig. 3.4 Plot showing decrease in sensor voltage with increasing sliding distance 

[∆V is the change in voltage which indicates scar depth] 

and test amplitude of 8.5mm. The diamond indenter slid reciprocally against a specimen of 20 

mm × 12 mm× 6 mm dimension hot mounted in epoxy and fixed with a double sided adhesive 

tap, upon the wear test machine. Samples for other tests were cut according to requirements 

from a 70 mm × 20 mm × 6 mm coated pieces. In order to ensure reproducibility, tests at each 

sliding distance were repeated three times. A four channel 16-bit 100 kHz data acquisition 

device (USB-1608FS) model (micro DAQ, OH) was used with DAQ range ±5V, to acquire 

data and perform a real time analysis of the wear process. The voltage was adjusted between 

±5 V and the frequency was 4Hz. 

∆VAC 
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Fig. 3.5. Plots showing the scar depth in terms of LVDT voltage as a function of sliding 

distance 

The strip chart was analysed and the wear volume was calculated using equation 3.2 [6]. The 

wear coefficients were also studied under different loads and at different sliding distances. 

The Archard equation [8], given below was used for this purpose 

1−= HksFV n  

Where V is the total volume of the debris formed in mm
3
, Fn is the normal load in kg, H is the 

hardness of the soft material, which is WC- cobalt cermet coating in this case, in kg/mm
2
 and 

s is the sliding distance in mm. k is the wear coefficient which is unitless ratio. From this 

equation it can be concluded that the volume of the wear debris decreases as the hardness  

(3.3) 
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increases and it increases as the applied load increases. 

3.9 Fracture Toughness 

Fracture toughness was measured using Vickers indentation techniques. The surfaces of all 

samples were prepared by using standard metallurgical surface preparation techniques with a 

final polish using 1µm diamond paste. The fracture toughness was measured using Vickers 

hardness as for example reported by Asl et al. [9] tester-model DVK-2, Matsuzawa Seiki Co. 

Ltd, Tokyo, Japan. The applied load was 30 kg, loading time was 35s and loading speed was 

300µm/s. A large number of indentation fracture models are reported in literature. In fracture 

mechanics analysis, cracks are, in general, modelled as centrally loaded surface cracks, based 

on the experimentally observed relationship between the crack radius, c, [µm] and the 

indentation load, P [N] as reorted by Lima et al. [10] (see figure 4.24). 

3

2

kPc =  

Where the constant k is a function of the indenter geometry, Young’s modulus [GPa], 

hardness [GPa] and fracture toughness [MPa.m
1/2

] of the cermet material. The indentation 

crack length, c, is equal to a, the radial crack length plus d/2, the half diagonal of the Vickers 

indentation. 

However, Niihara [11] observed an apparent invalidity of the equation 3.4 and their 

experimental data suggested that when c/d < 3, the constant can be attributed to a transition 

from the Palmqvist crack system (occurring for c/d < 3) to the radial-median crack system 

(c/d > 3). An equation for quantitative analysis of the fracture toughness, K1C, was then 

proposed for c/d ≤ 2.5 (radial Palmqvist crack regime) as reported by Anstis et al. [12]: 

2

1

5

2

1 )())((0193.0
−

= a
H

E
dHK

v

vC  

(3.4) 

(3.5) 
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Where Hv and E are the Vickers hardness and Young’s modulus respectively. For c/d ≥ 2.5 

(half-penny crack regime), the following equation was developed: 

2

3

5

2

2

1

1 )()()(0711.0
−

=
d

c

H

E
dHK

v

vC  

The indentation technique was used to obtain the fracture toughness of the coatings using 

Anstis formula [12]. The formula is based on cracks resulting from the indentation process. 

The measurement of the cracks and substituting values into the formula gives a quantitative 

value for fracture toughness: It can be seen from the following equation that when fracture 

toughness is high, the crack length will be smaller and vice versa. 

2

3
016.0

1

c

P

H

E
K

v
C

=  

Where K1c is the fracture toughness [MPa.m
1/2

], E is the elastic modulus [GPa], which is 

calculated as 300 GPa for WC-17 wt. % cobalt composite [13]. H is the hardness [GPa], P is 

the indentation load [N], c is the crack length measured from the indentation center [µm]. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Introduction 

In this chapter the as-received powders and the coatings before and after sliding wear tests are 

discussed. The coarser feedstock powders having a particle size in the range of 45-60 µm and 

the coatings made from them are discussed here. The coatings made from small feedstock 

powders in the range of 10-20 µm are discussed. SEM images show both the near-nano and 

microcrystalline feedstock powders. The powder agglomerates morphology and their cross 

section is discussed. SEM and optical images are discussed for as-sprayed coatings. These 

images show the coatings and coating-substrate interfaces. XRD of the as-received powders 

and coatings are discussed. The wear coefficient was calculated using Archard’s equation [1].  

4.2 Feedstock Powders  

Microcrystalline and duplex coated near-nanocrystalline WC-cobalt powders are used as 

feedstock materials in this study. The conventional microcrystallineWC-17wt.%Co cermet 

powder used in this research is a commercial product, obtained from Sulzer Metco in 

Westbury, NY. The trademark of the powder is ‘Diamalloy® 2005’. This powder was used 

for the purpose of comparison with novel near-nanocrystalline WC-17wt. %Co powder, as 

both powders have the same nominal chemical composition. The powder was screened using 

a 270-mesh screen prior to use in the HVOF spray gun. 

The SEM micrographs in figures 4.1 (a) and (b) show differences between the agglomerated 

particle sizes, while the cross-sectional images in figures 4.2 (a) and (b) show the differences 

between the dispersed WC grain sizes. The near-nanocrystalline powder used in this study 

had a mean WC grain size of 427 nm with a standard deviation of 120 nm. Two agglomerate 
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sizes were used during this study. One type of powder was in the range of 45-60µm (CM) 

while the other was 10-20 µm (FN). Figure 4.1 shows a spherical and regular agglomerate 

structure in the case of near-nanocrystalline powders but the microcrystalline powders look 

not that spherical and regular. Figure 4.2 shows the cross section of the powders. The powders 

are mounted in epoxy and ground with 400 grit size emery paper. The SEM images of the 

broken particles of near-nanocrystalline powders are shown in figure 4.2 (a) and those for 

microstructured powders shown in figure 4.2 (b).  

Atomic absorption spectroscopy was carried out at mineral testing laboratories, Peshawar. 

The tests were conducted using a SensAA-GBC model atomic absorption spectroscopy. The 

cobalt content in the two powders is given in Table 4.1. It was observed that the cross-section 

of duplex coated near-nanocrystalline powders shown by SEM images indicates a cobalt layer 

covering the WC-cobalt cermet (figure 4.2 a). This type of structure is not seen in 

conventional microcrystalline powders (figure 4.2 b). This arrangement is made to prevent the 

WC grains from decarburization. During spraying, WC grains will not be exposed to react 

with air and therefore minimum decarburization is observed. 

Table 4.1: Cobalt contents in the powders 

Element Microstructured WC-Co Near-nanostructured 

Co, wt.% 16.5 18.3 

 

4.3 Powder characterization 

The XRD spectra taken from the duplex coated near-nanocrystalline and microcrystalline 

powders are shown in figure 4.3. Peaks for WC and also for Co were recorded for both 

materials, and a trace peak for WCx was also recorded for the microcrystalline WC-17wt.%Co 

powder. Figure 4.4 also shows that microcrystalline WC-cobalt coatings are more porous than 

the nanocrystalline coatings of the same composition. The reason is that in our case duplex 
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coated material is used which has reduced decarburization which results in decreased porosity 

as shown in figure 4.5 and also due to the formation of less non-WC phases in the case of 

cobalt coated WC nanoparticles as reported by Baik et al. [2]. 

 

 (a) 

 

(b) 

Fig.4.1. SEM micrographs showing: (a) particle morphology of near-nanostructured and (b) 

microstructured particle powders. 
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(a) 

 

(b) 

Fig. 4.2. SEM micrographs showing: cross-section through (a) near-nanostructured and (b) 

microstructured particle powders 

XRD results showed that more decarburization had taken place in the nanocrystalline coatings 

than the microcrystalline coatings as reported by Stewart et al. [3]. In the present work, phases 

stability is closer to that reported by Baik et al. [2] than that reported by Stewart et al. [3]. 

This is because in both present work and that reported by Baik et al., WC-cobalt composite 
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was covered with cobalt layer prior to thermal spray coating. A comparative study of the 

material used is given in Table 4.2, process parameters are given in Table 4.3 and phases 

identified are given in table 4.4. Table 4.2 and 4.3 along with Table 4.4 here is to compare the 

effect starting powder and process parameters on the presence of different phases which 

appear in HVOF sprayed WC-cobalt coatings. These phases and their volume fraction have 

significant effect on the hardness, toughness, and abrasive wear behaviour of coatings. 

Different non-WC to WC ratio is reported in [2-4] and the present work which indicates 

different decarburization rates and hence different abrasive wear behaviour reported.  

4.4 Characterization of Coatings 

In this section Scanning Electron Microscopy, Optical Microscopy and XRD study of the 

coatings is discussed.   

4.4.1 SEM and Optical Microscopic Study of the Coatings 

Figure 4.4 gives a comparison of the coatings made from microcrystalline (M) and near-

nanocrystalline coatings with coarser agglomerate size (CN).  

Figure 4.5 shows optical images of the coatings made from micro (M) and coarse (CN) and 

fine (FN) feedstock powders with nanocrystalline WC grains. The porosity noted in the 

coatings made from coarse feedstock powders with near-nanocrystalline WC grains is noted 

to be 1.0±0.6% while that for coatings made from powders with microcrystalline WC grains 

was noted to be 1.9±1.2%. The porosity in the coatings made from fine feedstock (FN) was 

noted to be 10.7±3.1%. Ten images were analysed for each sample. The data is given in Table 

4.5. 

The SEM images shown in figure 4.4 were taken at the University of Calgary with SEM 

model JSM-8200 JEOL (Tokyo, Japan). The images shown in figure 4.6 are taken at GIK 
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Fig.4.3. XRD scan of the as-received (a) near-nanocrystalline and (b) microcrystalline 

powders. 

Table 4.2: Comparison of powders mix and parameters  

Materials used Present work Baik et al. [2] Stewart et al. [3] 

Composite WC-Co WC-Co WC-Co 

Cobalt, wt.% 17 12 17  

WC (Course), µm 1-3 None 2 

WC (Fine), nm 200-300 50-200 75 

Powder protection 

method from 

decarburization  of 

nanostructured WC 

grains during 

HVOF spraying 

Spray dried WC-Co 

powders covered with 

cobalt layer. The Co 

covering layer is 

produced by CVD 

process in a fluidized 

bed reactor 

Spray dried WC-Co 

powders were immersed 

in the cobalt hydrate 

solution, dried at 200°C 

and reduced in H2 

atmosphere at 300°C. 

None 

Powders  

Manufactures 

1. Sulzer Metco 

Diamalloy® 2005  

2. Mesocoat  

(PComPTM W) 

- 1. Praxair Surface 

technologies 

2. Nanocarb, 

Nanodyne 

 

 

(a) 

(b) 
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Table 4.3: Comparison of spray parameters  

Process parameters Present work Baik et al. [2] Stewart et al. [3] 

Coating process HVOF HVOF HVOF 

HVOF Gun Sulzer Metco diamond jet 

hybrid DJ2700 

JP5000  Miller Thermal/ 

UTP top gun 

Fuel used Methane Liquid Kerosene Hydrogen 

Fuel flow rate 

(l/min) 

189 0.378 640 

oxygen  278 943 240 

Powder feed rate, 

g/min 

38 75 48 

Table 4.4: Comparison of phases identified 

 Present work Baik et al. [2] Stewart et al. [3] 

Phases WC, W2C, W, Co, *WCx WC, W2C, W, Co, CoxWxC WC, W2C 

* x indicates a range of composition e.g. WC0.41, WC0.50, WC0.85 etc. [5] 

institute with XL30, Philips. In figure 4.4 the WC grains can be seen very clearly at 10,000 

magnification for the coatings made from powders CN and M. 

Figure 4.6 (a) shows SEM image of the coatings made from coarser feed powders (CN) while 

figure 4.6 (b) shows coatings made from fine powders (FN). Higher porosity can be observed 

very clearly in figure 4.6 (b), it is because of greater extent of decomposition of the finer size 

of the sprayed powders. The porosity is because WC undergoes decomposition and carbon 

dioxide formed evaporates which leaves behind porous sites as shown by Stewart et al. [3, 4]. 

The big pores shown in figure 4.5b are very few but can be observed for coatings made from 

fine feedstock powders but these can not be seen for the coatings made from coarse feedstock 

powders (CN) or in the microstructured coatings (M). Less decomposition of the WC during 

spraying results in higher quality, more wear-resistant coatings, with higher levels of retained 

WC and less porosity. [4] 

Figure 4.7 (a) shows the interface between nanocrystalline WC-Co coatings and AISI 1018 

steel substrate and figure 4.7 (b) shows the interface between microcrystalline coatings and 
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the same substrate. The interface in both cases was clean and coated layers have developed 

good adhesion with the steel substrate. 

Optical and SEM images show that the near-nanocrystalline coatings are more uniform and 

homogeneous as compared to microcrystalline coatings. In the case of duplex coated near-

nanocrystalline coatings, the unmelted particles are more homogenously distributed than in 

the case of microcrystalline coatings. WC is more stable in the duplex cobalt coated form 

even if the size is smaller than the conventional microcrystalline coatings. The lower porosity 

shown in figure 4.5, figure 4.6 and table 4.5 for near-nanocrystalline coatings are because of 

this higher phase stability. 

4.4.2 XRD Analysis of Phases in Coatings 

Figure 4.8 shows XRD study of the coatings made from micro (M) and duplex cobalt coated 

near-nanocrystalline powders with coarser feedstock size (CN). XRD study of the as-sprayed 

coatings showed a significant difference in phase composition compared to the powders 

before HVOF spraying.  

The presence of W2C and W phases is clearly seen in both types of coatings, whilst peaks of 

metallic Co is present in near-nanocrystalline coating. The presence of Co peaks has been 

attributed to amorphous or nanocrystalline Co produced by splat-quenching as reported by 

Kear et al.[6] and Verdon et al.[7]. The proportion of WC transformed to W2C and W phases 

was higher for the microstructured coating compared with the near-nanocrystalline coating. 

WC-cobalt coatings produced through high velocity oxyfuel processes result in 

decomposition of WC as reported by Cho et al. [8]. As a result brittle phases W2C are formed. 

To prevent this decarburization, the WC-cobalt composite particles are covered with cobalt 

layers. This resulted in improvement in wear resistance of near-nanocrystalline coatings. The 
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 (b) 

Fig. 4.4. SEM micrographs showing the sprayed: (a) near-nanocrystalline (CN) and  

(b) Microcrystalline (M) coatings. 
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Fig. 4.5. Micrographs showing porosity in the coatings made from powders (a) M, (b) CN and 

(c) FN 
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Table 4.5:  Percent Porosity in the coated samples 

 

Sample No. *FN **CN ***M 

1 8 0.5 2.0 

2 8 0.5 5.0 

3 15 1.0 2.0 

4 15 1.0 2.0 

5 10 2.0 1.0 

6 10 1.0 1.0 

7 15 2.0 1.0 

8 8 0.5 2.0 

9 8 0.5 2.0 

10 10 1.0 1.0 

Average 10.7 1.0 1.9 

Standard Deviation       3.1         0.6        1.2 

*FN= Powders with near-nanocrystalline WC grains and finer agglomerates 

**CN= Powders with near-nanocrystalline WC grains and coarser agglomerates 

***M= Powders with microcrystalline WC grains and coarser agglomerates 

 

 

 

 

 

 

(a) 

 

 

 

 

 

 (b) 

Fig. 4.6. SEM images showing coatings made from (a) coarse (CN) (b) fine feedstock (FN) 

near-nanocrystalline powders 
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(a) 

 

 

 

 

 

Fig. 4.7. Optical micrograph showing the interface in the case of (a) near-nanocrystalline 

(CN)and (b) microcrystalline (M) coatings  

W2C/WC ratio given in Table 4.6 shows that the extent of decarburization is highest in the 

spray dried nano-structured coatings, where this ratio is 1.46 [2]. It can be concluded from 

this analogy that the decarburization is lowest for duplex cobalt coated near-nanostructured 

WC-cobalt coatings with coarser feedstock size (CN). Figure 4.8 c shows XRD scan of the 

coatings made from fine feed stock powders and having near-nano WC grains. Figure 4.8 b 

shows XRD scan for the coatings made from coarse feedstock powders but having near-

nanocrystalline WC and 4.8 a shows microstructured coating. Table 4.6 shows the ratio of the 

major peaks of W2C to WC. The data given in the table shows that higher decarburization has 

taken place in the coatings made from finer feedstock powders than that made from coarser 

feedstock powders as shown by Kamnis et al. [9]. The reason may be the higher in-flight 

(b) 

100µm 

100µm 
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temperature which smaller particles attain [10] and high surface area to volume ratio. At 

temperature above 1612 °C, W2C has more negative energy of formation, which means that 

W2C is more stable than WC at higher temperature as shown by Gupta et al. [11]. 

High surface area to volume ratio will result in more interaction of WC with the 

decarburization media as more WC particles will be available on the surface for interaction 

with decarburizing media. Decarburization is accompanied with porosity as shown by Stewart 

et al. [3]. So these optical images also suggest lower porosity in duplex cobalt coated near-

nanocrystalline coatings as compared to conventional microcrystalline coatings. This lower 

porosity of near-nanocrystalline coatings is one of the reasons of the lower wear rate of near-

nanostructured coatings. It can be concluded from table 4.6 that WC undergoes 

decarburization to highest extent in the coatings made from fine feedstock powders having 

near-nanocrystalline WC grains. This results in higher porosity in the coatings. Highest 

degree of decarburization and level of porosity results in lower fracture toughness of these 

coatings. The retained WC is 80%, 72% and 51% in the coatings made from powders CN, M 

and FN respectively. Higher porosity and degree of decarburization and lower fracture 

toughness and hardness values of these coatings will eventually result in lower wear 

resistance of these coatings. 

4.5 Study of Tribological Behaviour 

Tribology is a broad term and this includes the design, friction, wear and lubrication of 

interacting surfaces in relative motion. But this thesis is restricted only to the abrasive wear 

behaviour. The effect of a number of intrinsic and extrinsic factors on the abrasive wear 

behaviour is studied. The effect of applied load, sliding speed, sliding distance and WC grain 

size in the composites is studied. Wear coefficient is also discussed.  
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Fig.4.8. XRD spectrum of the coatings (a) coarse feedstock near-nanocrystalline (CN) and (b) 

microcrystalline (M) and fine feedstock near-nanocrystalline (FN) 

Table 4.6: Showing the XRD intensity of non-WC/WC phases in the HVOF sprayed coatings 

WC-Cobalt coatings W2C/WC 

Microcrystalline coatings (M) 0.38 

Near-nanocrystalline coatings (CN) 0.24 

Near-nanocrystalline coatings (FN) 0.96 

Spray dried nanocrystalline coatings [2] 1.46 

Cobalt coated nanocrystalline coatings [2] 0.75 
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Hardness and fracture toughness also affect the wear behaviour and are therefore also studied. 

The failure mechanism and surface topography of worn surfaces is also given in the 

forthcoming sections.  

4.6 Effect of Test Parameters on Wear Rate 

The wear rate was studied under different conditions of loads, sliding speeds and sliding 

distances. The sliding wear rate of the coated surfaces was compared using a range of applied 

loads (20-60 N), a sliding speed of 28-32 mm/s and sliding amplitude of 8.5 mm. The effect 

of applied load on the wear rate of the coatings is shown in figure 4.9. It is evident from the 

wear test graphs that the higher wear resistance was recorded for the near-nanocrystalline 

coating than the microstructured coatings. When the applied load was increased from 20 N to 

60 N, a corresponding increase in wear rate was observed. The selection of load was made 

based on an earlier study performed by Mukunda et al. [12]. The results reported here are in 

agreement with those reported in [11]. In [12], it is reported that the wear rate is proportional 

to the applied load. Figure 4.10 shows the effect of sliding speed on the wear rate of the micro 

and near-nanocrystalline coatings. The tests were conducted under a constant load of 60 N 

and for a sliding distance of 33.6 m.  These results are also in agreement with those reported 

by Boony et al. [13] where an increase in wear rate with sliding distance and Gomes et al. 

[14], where increase in wear rate with sliding speed is reported  

It is shown that wear rate increases with increasing sliding speed for both micro and near-

nanostructured coatings but it is higher under all similar process parameters for 

microstructured coatings. The wear rate of the near-nanocrystalline coating was the lowest 

with a value of 6.9x10
-3

 mm
3
/m, which was approximately 60% higher wear resistant than the 

conventional microcrystalline coating. 
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The effect of applied load on the wear volume and wear rate for both micro- and near-

nanocrystalline coatings is shown in Table 4.7. Table 4.8 gives a comparison of the 

mechanical properties reported in the present work and earlier reported literature. The 

difference in these mechanical properties can be attributed to the phases present in the 

coatings, their microstructure, porosity and surface profile of the coatings. 

Figure 4.11 shows the effect of sliding distance on the wear rate of the two types of coatings. 

The slope of the curve is high initially and then decreases as shown in figure 4.11. The reason 

for the lower wear rate with increasing sliding distance could be hardening of the coatings as 

given in table 4.12. Other reason could be the wear debris which may act as lubricants during 

wear test. Comparing the steady state wear rates for the coatings, a value of 11.0×10
-3 

mm
3
/m 

was recorded for the microstructured WC-17wt. %Co coating. The wear rate of the near-

nanocrystalline coating was extremely low with a value of 6.9×10
-3

 mm
3
/m. The effect of 

sliding distance on the wear rate is in agreement with that reported by Pirso et al. [15]. Piraso 

et al also related hardness to wear rate and it was reported that wear rate decreases with 

increasing hardness. 

4.7 Wear Coefficient  

Wear coefficient is an important mean to estimate the service life of a component under same 

condition of load and sliding distance. Figure 4.12 shows the wear coefficient for near-nano 

and microcrystalline coatings. The wear rate is calculated under constant speed of 28 mm/s 

and constant sliding distance of 33.6m. Wear coefficient is measured during this research 

work using Archard equation (3.2). It is noted that for all values of applied loads that the wear 

coefficient is lower for near-nanocrystalline coatings than their conventional counter-parts. It 

is reported by Jia et al. [16] that wear coefficient decreases with increasing fracture toughness. 
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Since the fracture toughness is high for near-nanocrystalline coatings, therefore a lower wear 

coefficient expected. This is observed in figure 4.12. 

Table 4.8 correlates the condition of starting powders used by Baik et al. [2], and Stewart et 

al. [3] and the present work and the types of wear tests. The relative wear rate of nano and 

microstructured coatings is compared.  

4.8 Wear Surface Analysis 

The SEM micrographs shown in figure 4.13 and 4.14 compare the near-nano and 

microcrystalline coatings surfaces before and after sliding wear. The wear track morphologies 

of the near-nanostructured and microcrystalline WC-17wt. %Co coatings subjected to 

abrasive wear under a 60 N load, sliding speed of 28 mm/s and a sliding distance of 33.6m. It 

can be observed from the color contrast that the surface is smoother, denser and more uniform 

for the near-nanocrystalline coatings as compared to the microcrystalline coatings. The near-

nanocrystalline coating (figure 4.14 a) shows significant micro-cutting and plastic 

deformation of the surface which has resulted in the formation of distinct micro-grooves. On 

the other hand, microcrystalline coating (figure 4.14 b) shows less plastic deformation within 

the wear track. The wear debris is large and angular in morphology and the wear track shows 

evidence of limited micro-cutting but significant brittle fracture of the coating. 

The crack propagation mechanism in near-nano and microcrystalline coatings is shown in 

figure 4.15. Figure 4.15 (a) shows that crack propagates only through the cobalt matrix in the 

duplex coated near-nanocrystalline coatings while it propagates both through the matrix and 

the WC grains in the microcrystalline WC-cobalt coatings as shown in figure 4.15 (b). 

Fracture toughness is calculated using crack length as shown by Usmani et al. [17] and Han et 

al. [18]. It is clear from equation 3.6 that fracture toughness is high where crack length is 
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smaller. So these results are also supporting the idea of high fracture toughness of duplex 

cobalt coated near-nanocrystalline materials over their conventional counter-part. 

The fracture mechanism reported here for conventional microcrystalline WC-Cobalt coating 

is in agreement with that reported by Han et al. [18] while that for duplex Cobalt coated near-

nanostructured coatings is higher than the conventional coatings. It is shown that the fracture 

occurs in the coatings with fine carbide size by matrix crack propagation with minimum 

tortuosity.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.9. Plot showing the effect of applied load on wear rate at a sliding speed of 24mm/s 
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Table 4.7: Wear volume and volumetric wear rate for the coatings 

WC-17wt.%Co 

Coating 

Normal 

load [N] 

Scar 

depth, d , 

×10
-4

[mm] 

Wear volume 

×10
-4

 [mm
3
] 

Volumetric wear 

rate ×10
-3

 

[mm
3
/m] 

20 0.18 0.4 1.5 

40 0.32 1.3 4.6 

Microstructured  

60 0.39 1.9 6.6 

20 0.13 0.2 0.6 

40 0.28 1.0 3.4 

Near-

nanostructured 

 60 0.3 1.1 4.0 
a
 Sliding speed = 24 mm/s, 

b
 Sliding distance = 28.8 m. 

24 26 28 30 32

4
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Fig. 4.10. Plots showing wear rate of microcrystalline and near-nanocrystalline coatings as a 

function of sliding speed at 60 N load. 
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Fig. 4.11. Graphs showing the wear rate as a function of sliding distance. 

Table 4.8: showing the hardness and wear behaviour of coatings 

Comparison Present work Baik et al. [2] Stewart et al. [3] 

Wear rate comparison near-nano (CN)< 

micro (M) 

Co coated<no-

coating 

nano> micro 

Micro  1237 - 1136 Hardness 

HV300g  Nano  1440 1298 1211 

 

Wear test method 

Pin-on-plate 

reciprocating 

ASTM G-133 

3-body 

abrasive/Rubber 

wheel/sand 

ASTM G-65 

3-body 

abrasive/Rubber 

wheel/sand 

 

Effect of load on wear 

Wear rate 

increases with 

load 

- Wear rate increases 

with load 

Effect of sliding distance Cumulative wear 

volume increases 

with increasing 

sliding distance 

- Cumulative wear 

volume increases 

with increasing 

sliding distance 
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Fig. 4.12. Plot showing the effect of applied load on wear coefficient 
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(a) 

 

 

 

 

 

 

 

 

(b) 

Fig. 4.13. SEM images showing (a) near-nano- (CN) and (b) microcrystalline (M) coatings. 
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(a) 

 

(b) 

Fig. 4.14. SEM images showing wear track morphologies for sliding wear under a load of 60 

N for (a) near-nano-(CN) and (b) microcrystalline (M) coatings 
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(b) 

Fig. 4.15. Micrograph showing the crack propagation mechanism in (a) Near-nano (CN) and 

(b) Microcrystalline (M) coatings 
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(b) 

Fig. 4.16. SEM micrograph showing the morphology of debris (a) Near-nano (CN) and 

Microcrystalline (M) coatings formed during sliding wear 
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The wear debris formed under an applied load of 60N, and during sliding wear of near-nano 

and microcrystalline coatings is shown in figure 4.16. The sliding speed was kept at 28mm/s 

and the test amplitude was 8.5mm. In figure 4.16 a, it is shown that the debris formed is very 

uniform in morphology. These are the debris formed from duplex cobalt coated near-

nanocrystalline coatings. 

The morphology of the debris reflects the failure of the coatings through the cobalt matrix in 

the engineered structures. Figure 4.16 b shows the debris formed from microcrystalline 

coatings. This debris is very irregular in shape which again shows that the failure takes place 

through the WC grains as well. Atomic force microscopic images are shown in figure 4.17. It 

is shown that the worn surface is smoother in the case of duplex coated near-nanocrystalline 

coatings compared to that in the case of conventional microcrystalline coatings. These two 

surfaces are formed under same condition of wear. The coatings were worn under a load of 60 

N for a sliding speed of 28mm/s and a sliding distance of 33.6m. Figure 4.17 shows the 

surface profile comparison for both the coatings after being subjected to sliding wear test. 

It is reported by Masouros et al. [19] that wear rate depends upon surface roughness. It is 

shown that wear rate increases with increasing surface roughness. This is in agreement with 

the results reported during this research. Both wear rate and average surface roughness (Ra) 

values are smaller for near-nanocrystalline coatings. 

The atomic force and scanning electron microscopy was used to study the wear mechanism in 

the WC-cobalt coatings as reported by Guilemany et al. [20]. Quantitative information was 

obtained regarding the damage produced on the coatings. Si3N4 and steel balls slid against 

WC-cobalt coatings. Very small surface damage was observed in this case. In the present 
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research work, a diamond pin slid against near-nano and microcrystalline coatings. In the 

previous case a smaller surface damage was observed compared to the later case. 

Table 4.9 shows the average roughness values for near-nano and microcrystalline WC-cobalt 

coatings in the as-sprayed and after sliding wear tests. It is shown that the surfaces are 

smoother in both the cases for near-nanocrystalline WC-cobalt coatings. The more surface 

roughness is also one of the reasons for higher wear rate for microcrystalline coatings than the 

near-nanocrystalline coatings as reported by Hisakado [21]. It can be seen from figure 4.17 

that the z-value is smaller for near-nanocrystalline coatings than for microcrystalline coatings. 

The harder WC-phase can also be seen in the two coatings like that shown by Hisakado et al. 

[21]. The preferential removal of soft cobalt phase is also shown. The surface profile is 

however different in the two cases because Si3N4 and steel balls were used for surface damage 

in [21], while diamond pin was used during the current study. Figure 4.18 shows the surface 

profile of the two coatings and it can be seen that the surface is smoother for near-

nanocrystalline coatings than the microcrystalline coatings. From the graphs and tables shown 

in figure 4.19 and 4.20, it can be seen that the z-value and Ra values are lower for near-

nanocrystalline coatings than the microcrystalline coatings. 

Table 4.10 shows increase in hardness in the case of both near-nano and microcrystalline 

coatings during sliding wear. It is shown that the microhardness value increases by 21.38% in 

the case of duplex coated near-nanocrystalline coatings while it increases by 16.40% in the 

case of microcrystalline coatings. This higher increase in microhardness is consistent with the 

strain hardening mechanism reported by Eriksson et al. [22]. It is reported in [22] that if 

cobalt layer covering WC particles is thicker than 50 nm; the stresses developed will be 

absorbed in the cobalt layer instead of WC grains cracking. WC grains cracking is observed in 
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figure 4.15 b but not in figure 4.15 a which further support the idea of crack propagation in 

WC-cobalt coatings as reported by Liu et al. [23].  
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(b) 

Fig. 4.17. AFM images of the (a) near-nano (CN) and (b) microcrystalline (M) coatings 
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Fig. 4.18. Plot showing the surface roughness profile of near-nano (CN) and microstructured 

(M) coatings 
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Fig. 4.19. showing the atomic force microscopic images and statistical data of the surface 

profile for near-nanocrystalline (CN) coatings. 

Fig. 4.20. showing the atomic force microscopic images and statistical data of the surface 

profile for microcrystalline (M) coatings 
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Table 4.9: Surface roughness profiles taken before and after the sliding wear tests. 

Roughness (as-deposited) 

[µm] 

Roughness (after wear
*
) 

[nm] 

WC-17wt.%Co Coating 

Ra Rz Rq Ra Rz Rq 

Near-nanostructured (CN) 3.98 23.96 4.31 19.46 95.63 24.50 

Microstructured (M) 4.17 28.17 5.28 83 314 101 

* at 60 N load. 

Table 4.10: Coating microhardness before and after abrasive wear 

Coating Vickers microhardness, 

VHN(GPa),before  wear 

Vickers microhardness, 

VHN (GPa), after wear ** 

Near-nanocrystalline (CN) 1283 (12.58) 1557 (15.27) 

Microcrystalline (M) 1237 (12.13) 1440 (14.12) 

** After wear at sliding distance of 33.6 m 

It is observed that the wear rate is lower under all set of conditions for near-nanocrystalline 

coatings than the microcrystalline coatings. Wear rate increases for both the coatings with 

increasing applied load. Wear rate increase with increasing sliding speed. Wear rate is 

increasing very rapidly in the initial stages but as the sliding distance increases, the increase in 

wear rate is small. Wear rate is lower for near-nanocrystalline coatings. Three-body abrasive 

wear rate is much high than two-body sliding wear rate. 

Wear tracks look plastic in the case of near-nanostructured but it looks brittle in the case of 

microstructured coatings. Crack propagation can be hardly seen in the near-nanocrystalline 

coatings but it is very clear in the case of microstructured coatings under same magnification 

of 10000. Crack propagates only through the matrix in the case of near-nanocrystalline 

coatings but it propagates both through the matrix as well as through WC grains in the case of 

microstructured coatings. Wear debris are small and regular in shape the case of near-

nanostructured coatings but it is coarser and irregular in shape in the case of microcrystalline 

coatings. Atomic Force Microscopic Images show that the surface is smoother for near-

nanocrystalline coatings both before and after sliding wear, than the microcrystalline coatings. 
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Microhardness increases with sliding wear however increase in hardness values is higher for 

near-nanostructured coatings than in microcrystalline coatings. The reason may be the greater 

tendency towards strain hardening in the case of near-nanocrystalline coatings.  

4.9 Fracture Toughness Measurement 

In Table 4.11, the fracture toughness calculated for the microstructured WC-17wt. %Co 

coating based on crack model gave a value of 19.04 MPa.m
1/2

 and was consistent with earlier 

published data reported by Han et al. [18]. More importantly, the duplex near-nanocrystalline 

WC-17wt. %Co coating gave a toughness value of 25.12 MPa.m
1/2

. This represented a 31% 

increase in fracture toughness for the near-nanocrystalline coatings compared to the 

microcrystalline coatings. A comparison of the fracture toughness for micro and near-

nanocrystalline WC-17wt. % cobalt coatings. The increase in fracture toughness with 

decrease in grain size is consistent with the results reported in [24]. In the case of 

nanocrystallineWC-Co coatings, more number of atoms resides on the grain boundaries. This 

results in more frequent crack interruption at the grain boundaries as discussed by Guilemany 

et al. [25]. As a result no crack extension was observed at the grain boundaries. This resulted 

in excellent fracture toughness of nanocrystalline coating. Results reported in this thesis are 

also in agreement with these reported results. In figure 4.21 a and b shows the indents formed 

under 30 and 20kg  loads respectively in microcrystalline coatings while figure 4.21 c and d 

shows indents formed under 30 and 20 kg loads respectively in the near-nanocrystalline 

coatings made from coarser feedstock powders (CN). It should be noted that the scale bar on 

images a and c indicates the lengths of cracks and not the sizes of the indents. Reason is that 

when cracks are focused, indents are defocused and vice versa, so one should not be confused 

with the sizes of the indents, shown in figure 4.21. The hardness and toughness values for the 
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coatings made with different particle sizes are compared in Table 4.11. The coatings made 

from coarser feedstock powders are discussed for fracture toughness before. It can be seen 

that the crack initiates at tip of indent and propagates in almost straight line (figure 4.21). 

These cracks are shown in figure 4.21 a and c, very clearly and some how in figure 4.21 b. 10 

kg load was also used but no crack was observed under this load. This means that 10 kg load 

is lower than the critical load required for crack formation. These cracks are formed under 30 

kg load. But when the coatings made from smaller feedstock powders are subjected to same 

load of 30 kg, a very different cracks are observed as shown in figure 4.22 a. The cracks 

formed are very irregular. Some cracks around the indent as shown in figure 4.22 a, are even 

not in direct contact with the indent. When this same coating is subjected to a lower load of 20 

kg, crack will initiate at the tip of indent (figure 4.22 b) and propagate in straight line as in the 

case of coatings made from coarser feedstock powders, when subjected to 30 kg load (figure 

4.21). As already discussed that more decarburization is observed in the coatings made from 

smaller feedstock powders than those made from coarser feedstock powders, this higher 

decarburization will result in lower fracture toughness of the coatings made from smaller 

feedstock powders as reported by Chivavibul et al. [26]. 

Table 4.11 shows highest hardness and toughness values for the coatings made from powder 

CN. These coatings also have lowest porosity as given in table 4.5 and lowest W2C to WC 

ratio as given in table 4.6. All these parameters result in lowest wear rate of these coatings as 

given in table 4.7 

The effect of loading velocity on the fracture toughness of SiC wisker reinforced 6061 

Aluminium alloy composite was studied in [27]. A three point bending test method was used 

for fracture toughness measurement. It was noticed that the fracture toughness increases with 
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increasing loading velocity. Interestingly same phenomena were observed during this study as 

will. The study was conducted for micro and near-nanocrystalline WC-cobalt coatings and 

indentation technique was used for fracture toughness measurement as shown in figure 4.23. 

The slope of the curve increases as the loading velocity increases. This increase in fracture 

toughness can be explained with the help of incubation time theory. According to this theory,  

at high impact loading speed, the crack tip experiences a super critical stress-intensity factor 

for a certain minimum period of time [28].  

Table 4.11: showing hardness and toughness of coatings 

 

 

 

 

Table 4.12:  Coating microhardness before and after abrasive wear 

Coating Vickers microhardness, 

VHN(GPa),before  wear 

Vickers microhardness, 

VHN (GPa), after wear* 

Percentage 

increase 

Near-nanostructured 

(CN) 

1283 (12.58) 1557 (15.27) 21.38 

Microstructured (M) 1237 (12.13) 1440 (14.12) 16.40 

* After wear at sliding distance of 33.6 m 

4.10 Effect of Sliding Wear on Microhardness  

The microhardness values before and after sliding wear for near-nano and microcrystalline 

coatings are given in Table 4.12. It is shown that the hardness values increases in both duplex 

coated near-nano and microcrystalline coatings but in the former case it is higher. This can be 

the result of hardening mechanism explained in [22]. This can cause strain hardening in the 

material, thereby reducing the wear rate with the increase in sliding distance. 

 

Powder 

Designation 

Hardness 

VHN (GPa) 

Fracture toughness 

MPam
1/2

 

M 1237(12.13) 19.04±1.1 

FN 772.93 (7.633) 3.01±0.078 

CN 1283(12.58) 25.12 ± 0.8 
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Fig. 4.21. Optical micrographs of Vickers indentations (a-b) microcrystalline (M) and (c-d) 

near-nanocrystalline (CN) coatings 
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Fig. 4.22. Optical micrographs of Vickers indentations and crack propagation behaviour 

under (a) 30 kg (b) 20 kg (c) 10 kg load in FN coatings 
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Fig. 4.23. Plot showing effect of loading speed on fracture toughness 
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CHAPTER 5 

SUMMARY AND FUTURE WORK 

5.1 SUMMARY  

Major conclusions of this work are summarised below: 

� HVOF sprayed coatings were made successfully from three types i.e. duplex cobalt 

coated near-nanocrystalline WC-cobalt powders with coarser feedstock powder sizes, 

fine feedstock powders having same WC grain sizes and microcrystalline powders. The 

first type of powders designated, FN, is WC-cobalt composite powders with 10-20µm 

agglomerate size and 300-550nm WC grain size. The second type of powders, 

designated, CN is WC-cobalt composite powders with 45-60µm agglomerate size and 

300-550nm WC grain size. The third type of powders is designated, M, and is WC-

cobalt composite powders with 5.5-45 µm agglomerate size and 1-5 µm WC grain size 

� Lower wear rate for near-nanocrystalline coatings made from coarser powders with 

near-nano WC grains was observed compared to that for microcrystalline coatings, 

under all wear test conditions, as for example, 50% lower wear rate was observed for the 

former coatings than the later one under 60N applied load, a sliding speed of 24mm/s a 

sliding distance of 28.8m. 

� A comparison of the SEM images showing crack propagation mechanism, wear debris 

morphology and wear tracks topography and the AFM images showing surface 

topography, indicate lower wear rate for near-nanocrystalline coatings made from 

coarser feedstock powders, than the microstructured coatings. These images support the 

wear test results as, for example, mentioned in the previous conclusion. 

� Near-nanocrystalline coatings made from coarser feedstock powders showed 31.94% 

higher toughness than microstructured coatings. The fracture toughness and hardness 
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values were lowest for the coatings made from fine feedstock powders with near-

nanocrystalline WC grains. 

� A comparison of the SEM images showing surface topography of the wear tracks and 

cracks lengths observed in the optical images support the above conclusion. . 

� SEM and optical images show that the near-nanocrystalline coatings made from coarser 

feedstock powder have lowest porosity. Porosity in the coatings is because of WC 

decarburization. 

� Phase analysis revealed from the XRD plots of the three types of coatings show that the 

ratio between the major peaks of W2C to WC is lowest for near-nanocrystalline coatings 

made from coarser feedstock powders than the other two types of coatings. XRD results 

support the conclusion made above on the basis of SEM and optical images. 

� Optical images also show good adhesion of the coatings to AISI1018 steel substrate in 

the cases of both near-nano and microcrystalline coatings. 

� On the basis of above discussion it can be concluded the near-nanocrystalline coatings 

made from coarser feedstock powders perform better and will result in longer tool life 

compared to the coatings made from the other two types of powders. 

5.2 Future Work 

1. Hardening mechanism during wear test.  

It is noted during present study that the hardness increases with increasing sliding distance. It 

is important to investigate whether Basinski or Hall-Petch mechanism is the main reason for 

increasing hardness. The effect of dislocation generation is also important. It is reported that 

in nanostructured materials, dislocation generation is equal to dislocation annihilation; 

therefore strain hardening is difficult to observe in this type of materials. It is also reported 
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that the difficulty for strain hardening in nanomaterials is caused by restricted dislocation 

generation and flow. Transmission Electron Microscopy is needed to have a close look of 

what actually happens to dislocation in the two types of structures. The deformation caused 

beneath the groove φ depends upon the deformation caused during the first pass φv and the 

work hardening capability Hw /H according to 

3−=
H

H
e W

vφφ  

Where Hw is the work hardening and H is the hardness before cold working. It will be 

interesting to know the work hardenability for the micro and duplex coated near 

nanocrystalline coatings. It is also important to know why strain hardening is more in the 

duplex cobalt coatings. It is important to confirm the theory of strain absorption by the cobalt 

layer covering the WC grains. 

2. Study of the adhesive strength and affect of various parameters on it.  

Adhesive strength is one of the most important coating parameters. A very good coating 

without adequate adhesive strength will be of no use. Adhesive strength depends upon a 

number of parameters. These include temperature and velocity of the coating powders, 

wettability of the substrate materials with the coating materials, temperature, hardness, 

surface roughness, surface cleanliness and thermal conductivity etc of the substrate 

materials. Mechanical anchorage and metallurgical bonding needs to be studied in the 

duplex near-nano and microstructured WC-cobalt coatings. Study of the deposition 

efficiency at the interface will be interesting. Since the near-nano WC grains are covered 

with cobalt layers, this cobalt is expected to preferentially form metallurgical bond with 

steel substrate, therefore the deposition efficiency at the interface in this case is expected to 

be high than the microstructured WC grains. It will be interesting to check this hypothesis.  

(5.1) 


