
PEER REVIEWED

Tribological Performance of Thin HVAF-Sprayed WC-CoCr
Coatings Fabricated Employing Fine Powder Feedstock

Kaveh Torkashvand1
• Mohit Gupta1

• Stefan Björklund1
• Shrikant Joshi1

Submitted: 16 September 2022 / in revised form: 12 November 2022 / Accepted: 17 November 2022 / Published online: 8 December 2022

� The Author(s) 2022

Abstract In this study, sliding and abrasion wear perfor-

mance of WC-CoCr coatings deposited by high velocity

air–fuel (HVAF) spraying with various thicknesses (i.e.,

240, 150, 100, 50 and 30 lm), fabricated from fine feed-

stock powder (5–15 lm), were evaluated. The main aim

was to investigate how thinner coatings (30 and 50 lm)

perform compared to conventional thick coatings

([ 100 lm), in an effort to address the supply and cost

concerns associated with Co and W. The feedstock powder

and deposited coatings were characterized in terms of

microstructure. The hardness of the thin and thick coatings

was measured using Vickers hardness method from both

cross section and top-surface. It was found that, regardless

of the thickness, extremely dense coatings with very high

hardness (* 1500 HV) can be deposited employing HVAF

and fine feedstock powder. Thin and thick coatings were

found to perform similarly under sliding wear with a nor-

mal load of 10 N or lower as well as under abrasion wear

conditions which highlights the possibility of employing

thinner coatings for a majority of the real applications. The

results suggest that peening effect does not have a con-

siderable influence on the microstructure or performance of

the deposited coatings. However, for sliding wear tests with

a 20 N normal load, it was noticed that wear resistance of

the coatings slightly declines with decreasing thickness of

the coating beyond 150 lm. The main reason was identi-

fied to be the involvement of substrate effect when per-

forming tests under severe Hertzian contact pressure.

Keywords abrasion � coatings � HVAF � sliding wear �
thickness � WC-CoCr

Introduction

When it comes to surface engineering for tribological

applications, WC-based coatings, deposited by thermal

spray techniques, are recognized as one of the most

promising solutions to combat wear (Ref 1, 2). A combi-

nation of very high hardness and toughness in these cermet

coatings yields excellent performance under severe wear

conditions (Ref 3, 4). The high toughness of the coating

system is thanks to the addition of around 12–15 wt%

(20–30 vol%) of metallic binder, which is conventionally

Co (Ref 5) or Co with some addition of Cr for oxidation

resistance property at relatively high temperatures (Ref 6).

These coatings can be deposited employing various ther-

mal spray techniques, among which high velocity oxy-fuel

(HVOF) and high velocity air–fuel (HVAF) spraying

methods have been considered more attractive. This is due

to a generally suitable in-flight particle velocity and tem-

perature achieved in these techniques, which not only

yields a very dense coating microstructure but also mini-

mizes the extent of decarburization (Ref 7, 8).

Comparing HVOF and HVAF spraying methods, HVAF

typically provides higher kinetic energy and lower flame

temperature because of employing compressed air in this

method (rather than oxygen) which has a lower combustion

potential compared to oxygen (Ref 9, 10). In other words,

this technique enables particles to reach very high in-flight

velocity while their temperature does not exceed 1500 �C.

Keeping the in-flight temperature low is specifically

desirable since it prevents decarburization in WC-based

coatings (Ref 11, 12). Decarburization can be more
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pronounced when using finer particles (below 20 lm)

because of higher specific surface area in a way that the

core of the particles can also reach temperatures above the

melting point. For instance, employing a modeling tech-

nique, it was shown that WC-CoCr powder particles, with

sizes smaller than 15 lm, became fully molten when their

surface temperature exceeded 1800 �C (Ref 13, 14).

Nonetheless, powder feedstock with finer size distribution

is desired in some cases since it can improve microstruc-

tural characteristics like density, mechanical properties

such as hardness as well as tribological performance (Ref

15). The HVAF technique is best suited for spraying fine

WC-based powders without excessive decarburization (Ref

15, 16). This also paves the way to produce coatings with

fine microstructures, improved mechanical properties and

tribological performance. Moreover, fine feedstock pow-

ders sprayed by HVAF technique can potentially result in a

better coating uniformity in terms of carbide distribution as

well as a lower surface roughness which can lead to

reduced effort and cost in finish grinding of coated parts.

A typical thickness of 200–300 lm is generally targeted

for WC-based coatings deposited employing thermal spray

methods (Ref 2, 17). However, deposition of thinner

coatings with improved properties could be feasible thanks

to HVAF technique, viable to process fine (5–15 lm)

powders. The fabrication of a thinner coating is more

favorable from processing time and economical aspects.

Fabrication of thinner coating is even more crucial when

using WC-CoCr as feedstock powder, considering supply

risk concerns around both W and Co elements (Ref 18, 19)

as well as environmental concerns around Co (Ref 20, 21).

Reducing coating thickness from a typical 200–50 lm,

therefore, can reduce the usage of these elements by a

factor of four. Several research studies have been carried

out to investigate properties and wear performance of these

thick coatings (Ref 15, 22, 23). However, the influence of

coating thickness, as an important aspect, has not been

explicitly explored in previous studies. Investigating

influence of thickness is crucial from various aspects.

Coating thickness can potentially influence wear perfor-

mance, especially when dealing with soft substrates. High

Hertzian contact stresses can be induced to coating/sub-

strate system as a result of contact with a rigid ball as the

counterpart. Depending on the coating’s thickness as well

as contact conditions, the maximum Hertzian stress could

locate within the coating or substrate (Ref 24). When

coating’s thickness is less than a critical value, a great

portion of the applied stress has to be carried by the sub-

strate thereby, thin hard coatings applied on soft substrates

are susceptible to fracture due to substrate deformation

(Ref 25). It has been investigated that by an increase in

thickness and as a result shifting the stresses away from the

interface and toward the coating system, thermal spray

coatings exhibit better rolling contact fatigue (Ref 26, 27).

Also, in a study by Bolelli et al. (Ref 28), it was shown that

sliding wear performance could be improved by increasing

the number of torch passes in a HVOF WC-CoCr coating

(increase in thickness). This can be exceptionally critical

when dealing with thinner coatings (\ 50 lm) since a large

portion of the concentrated stress from the counterpart can

be directed to the substrate. Another important factor to

consider is peening effect and its influence on wear per-

formance of the coating. When spraying a thinner coating,

the sub-layers are exposed to fewer spray strokes (i.e.,

fewer hard particles impacting the surface) and conse-

quently a less pronounced effect of peening.

Influence of substrate is another key factor. The role of

substrate can start to come into the picture when dealing

with thinner coatings, especially when the substrate is

considerably softer than the protective coating. There is no

extensive study investigating this in the literature about the

potential influence of substrate and its extent on the coating

performance. In this paper, a comprehensive investigation

is conducted on coatings fabricated from fine powder

(5–15 lm) with different thicknesses, ranging from 30 lm

(thin) to 240 lm (thick), to evaluate their characteristics

and wear performance under sliding and abrasive wear

conditions. Also, the results were compared with coatings

fabricated from coarse powder (15–45 lm) where relevant.

Experiment Procedure

Spraying Process

Commercially available WC-10Co4Cr powder produced

by Höganäs GmbH, with a particle size range of 5–15 lm,

manufactured employing agglomeration and sintering

processing technique (trade name: Amperit� 558.090) was

used as feedstock material. Domex� 355MC HSLA Steel

(hot-rolled sheet steel produced by SSAB) coupons (/
= 25.4 mm and thickness of 6 mm) and plates

(70 9 25 9 6 mm) were employed as the substrate for

sliding wear and abrasion wear, respectively.

An M2 HVAF torch (Uniquecoat Technologies LLC)

equipped with a short De Laval nozzle (Fig. 1) was

employed to spray the feedstock. This gun configuration

offers just enough heat for the particles to soften but not

overheat. At the same time, it provides sufficient kinetic

energy to the particle to stick to the surface. The torch was

fueled with propane and nitrogen was used as the carrier

gas.

Samples were mounted on a rotating fixture and grit-

blasted using alumina powder. Next, the feedstock powder

was sprayed with the process parameters mentioned in

Table 2, targeting coating thicknesses of 250 lm (thick)
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and 50 lm (thin). Later, the thick sprayed samples

(250 lm coating) were ground to 240, 150, 100, 50 and

30 lm thickness and the thin sprayed samples (50 lm

coating) were ground to 30 lm thickness (see Table 1). In

this paper, the coatings with thicknesses of 30 and 50 lm

are referred to as ‘thin’ coatings.

Characterization of Powders/Coatings

Scanning electron microscopy (SEM) was used to analyze

the morphology and cross section of powder particles. For

this purpose, powder particles were collected on a carbon

tape and observed under SEM (HITACHI TM3000

microscope and ZEISS GeminiSEM 450). Also, for cross-

sectional SEM observation, powder particles were mixed

with epoxy, cold mounted, ground and polished.

Using a surface roughness tester (Surftest 301, Mitu-

toyo), average roughness values (Ra) of as-deposited thick

and thin coatings were measured following the standard

ASME B46.1. Average roughness values and respective

standard deviations were calculated from three measure-

ments on each coating.

The sprayed samples were cut and hot-mounted, then

ground and polished. The grinding was performed using a

45 lm diamond disk, then polished using 9 lm and 3 lm

Kemet liquid diamond solution. Then, a mirror-polished

surface was obtained by employing MasterMet 2 dispense.

SEM analysis was performed on the mirror-polished sam-

ples to investigate the microstructure of the sprayed

coatings.

Indentation Testing

Vickers hardness of the samples was measured both on the

cross section and top-surface employing Struers Duramin-

40 microhardness tester. A normal load of 0.3 kgf was used

for the cross-sectional hardness measurement. It should be

mentioned that the cross-sectional indentations with 0.3 kgf

were performed only on the coatings C30 and C240 to

measure coating hardness. Also, to investigate cracking

tendency of the coating, cross-sectional indentations with

loads 1, 2, 3 and 4 kgf were performed on the C150 sample.

To measure the hardness of coatings on the top-surface,

various loads, including 0.05, 0.1, 0.2, 0.3, 0.5, 1, 2, 3 and 4

kgf, were used. For each hardness measurement, five

indentations (repetitions) were performed following the

standard ASTM E384 (Ref 29) and the standard deviations

of the repetitions were presented using error bars. Top-

surface indentation, on the other hand, was performed on

all the samples (with different thicknesses) to investigate

the influence of the substrate.

Ball-on-Disk Sliding Wear Testing

The same grinding and polishing procedure mentioned in

Sect. Characterization of Powders/Coatings was performed

on the top-surface of as-sprayed coatings to reach a mirror-

polished surface for sliding wear testing. Then, sliding

wear tests were carried out on the mirror-polished samples

according to the ball-on-disk (BoD) testing procedure in

the ASTM G99 standard (Ref 30). A tribometer rig (Tri-

bometer TRB3, Anton-Paar, Switzerland) was employed to

perform BoD tests. Coefficient of friction (CoF) was

monitored throughout all the tests. The ball-on-disk tests

were performed under various normal loads, including 5 N,

10 N and 20 N. For all the tests, the linear speed was set at

0.2 m/s and the total sliding distance was selected to be

5000 m. Alumina balls with a diameter of 6 mm were

employed as the mating counterpart. At least two repeti-

tions were performed for each test on radius 6 and 7 mm of

wear tracks. In some cases where results from the two

repetitions did not present good repeatability, a third rep-

etition was conducted. Standard deviations of the repeti-

tions were presented using error bars. It has been shown

earlier that, for radii between 5 and 9 mm, the specific wear

rate was not influenced by the testing radius (Ref 31). All

the tests were conducted at room temperature.

Volume losses in the tested samples during the BoD test

were measured using white light interferometry (WLI)

technique by employing Profilm 3D device (Profilm 3D,

Filmetrics, Germany). Since it was not feasible to capture

the whole wear track, volume losses were measured at four

different locations across the wear track. Based on the

measured volume losses, an average cross-sectional area

was obtained for the wear track and therefrom the overall

volume loss of the wear track was calculated. Then, the

specific wear rates for the corresponding coatings were

obtained by dividing volume loss over the normal load and

sliding distance. A more detailed explanation of the pro-

cedure can be found elsewhere (Ref 15, 31).

Dry Sand-Rubber Wheel Abrasion Testing

Coated rectangular plate samples were subjected to dry

sand-rubber wheel abrasion tests employing an abrasion rig

(abrasion tester, DUCOM, India) following the standard

ASTM G-65 (Ref 32). The tests were conducted on as-

sprayed samples, using SiO2 quartz-based sand (DUCOM,Fig. 1 Schematic of the nozzle used for spraying
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India) with a particle size distribution of 100–500 lm as

abrasive medium. The sand feed rate was set at 315 g/min

and a normal force of 130 N was applied on the coatings to

press the sample against a rubber wheel (227 mm diameter,

and 13 mm width rotating at a speed of 200 rev/min). Each

test was run for a total time of 30 min, with the samples

being weighed at 10 min time intervals. The mass loss was

measured by weighing the ultrasonically cleaned samples

before and after each test using a laboratory weighing scale

(PCE Deutschland GmbH) with a precision of ± 0.1 mg.

Results

Powder Characteristics

Figure 2(a) and (b) shows the morphology of the used

powder. A significant portion of the powder particles

exhibited an irregular shape and only the relatively larger

particles were found to bear a spherical shape. A uniform

distribution of fine carbide grains (sized below 2 lm) along

with the binder phase (colored in dark gray) can be iden-

tified in Fig. 2(b). Figure 2(c) shows a cross-sectional SEM

image of a powder particle. Cross-sectional observation of

the particles confirms the uniform distribution of the two

phases of binder and carbide grains. However, there were

locations where the binder phase appeared to be accumu-

lated. Cross section of irregular and spherical shape parti-

cles did not show any significant microstructure difference.

It is worth mentioning that cross section of this fine powder

(5–15 lm) exhibited a denser microstructure compared to

the coarser powder (15–45 lm) of the same chemistry (Ref

4).

Coating Microstructure

Figure 3 shows cross-sectional SEM images of (a) thick

coating, with a thickness of 250 lm, and (b) thin coating,

with a thickness of 50 lm. In both cases, the coating

seemed to be well-adhered to the substrate with no sign of

separation or cracks at the interface. Dark gray spots noted

at the coating-substrate interface represent alumina residue

left from the grit-basting process. An extremely dense

microstructure was achieved in both the thin and thick

coatings (Fig. 3c and d) with no distinguishable difference

in their microstructure throughout the thickness. Very

limited signs of pores can be detected as opposed to the

coatings deposited from coarser powders which showed

pores of bigger sizes and higher percentages (Ref 15).

Localized regions of binder accumulation as well as the

presence of fine carbide grains, both of which were noted in

the starting feedstock powder (see Fig. 2c), are also clearly

noted in the coating microstructure (see Fig. 3d and e).

Retention of the microstructure is due to the lower flame

temperature as one of the main characteristics of the HVAF

process (Ref 33).

The average Ra value for the thin coating was around

1.9 ± 0.1 lm, while the value for the thick coating was

slightly higher (2.2 ± 0.2 lm).

Cross-sectional and Top-Surface Hardness

Indentation tests on the cross section of the coatings (per-

formed with a normal load of 300 gf) showed Vickers

numbers of 1420 ± 29 and 1475 ± 46 for C30 and C240

coatings, respectively. The slightly lower average value of

the hardness of the thin coating (C30) could be because of

the influence of the softer substrate and the mounting

material. For C30 coating, indent diagonals of * 20 lm

were marked in the middle of the cross sections, which

were only * 15 lm away from the interfaces. This was

not the case for C240 samples since the coating was thick

enough to locate the indents sufficiently far from the

interfaces. However, these hardness values were well

above the hardness of the coating fabricated from coarse

powder with Vickers number of 1250 ± 45 (Ref 4). As

explained in another work (Ref 15) the reason could be due

to denser coating being fabricated by decrease in particle

size as well as a stronger peening effect when employing

finer powder.

Table 1 Specification of three batches of powders with different ranges of particle size

Code Coating thickness, lm Samples’ information

C240 240 Reached thickness by grinding and polishing identically sprayed thick

coatings (250 lm)

C150 150

C100 100

C50 50

C30 30

C30-sprayed thin 30 Reached the thickness by grinding thin coating (50 lm)
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Indentation tests were also performed on the top-surface

of all the samples with different thicknesses at various

loads with the aim of exploring whether there is any

influence of the substrate on the apparent hardness of the

coatings. Figure 4 shows the scatter of apparent top-surface

hardness values performed at different loads up to 4 kgf on

coatings with various thicknesses ranging from 150 to

30 lm.

Apparent Vickers hardness numbers exhibited a similar

trend for all C150, C100, C50 and C30 coatings, when

conducted at loads up to 0.5 kgf. Average hardness values

experienced a slight decreasing trend from 1500 HV0.1 to

1400 HV0.5 by increasing the normal load from 0.1 to 0.5

kgf. This slight decrease could be due to indentation size

effect (Ref 34). Due to this effect, hardness values tend to

increase as the indentation depth decreases. By further

increasing the load from 0.5 to 1 kgf, no considerable

decrease was observed for the three coatings C150 and 100

and C50. However, a clear decline from 1400 HV0.5 to

1000 HV1 was observed in C30 coating. C150 and C100

Fig. 2 SEM micrographs of (a) and (b): particle surface morphologies and (c): particle cross sections of the powder used

Fig. 3 Cross-sectional SEM

micrographs of (a): thick

sprayed coating, (b): thin

sprayed coating and (c): typical

microstructure of the thick

coating at higher magnification,

(d): typical microstructure of the

thin coating at higher

magnification, (e): typical

coatings microstructure at high

magnification and retention of

fine carbides
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coatings experienced a further slight decrease from 1400

HV0.5 to 1330 HV4 when further increasing the load from

0.5 to 4 kgf. C50, on the other hand, showed a

notable declining trend by the increase in normal load in a

way that the apparent hardness value of 1270 HV2 (when

performing under 2 kgf) was decreased to 1000 HV3 and

800 HV4 when increasing normal load to 3 kgf and 4 kgf,

respectively. For C30 coating, this declining trend was also

observed to become even more marked for higher loads

with the apparent hardness value decreasing to around 490

HV2 and 350 HV3 for 2 kgf and 3 kgf, respectively

(Table 2).

It is well-known that the mechanical properties (such as

hardness) of a hard coating can be influenced by a softer

substrate (Ref 35, 36). This effect is governed by the

penetration depth of the indent and thickness of the coating

in a way that by the increase in penetration depth, the

influence of the substrate becomes more dominant. How-

ever, according to the empirical rule (Bückle), the influence

of the substrate is avoidable if the penetration depth is less

than 1/10th of the coating thickness (Ref 37). Penetration

depth can be calculated based on the Vickers hardness

equation explained in standard ASTM E384 (Ref 29).

Table 3 presents the penetration depth of the indents per-

formed at various loads on coatings of different thick-

nesses. By comparing Table 3 and Fig. 1, it can be seen

that whenever the penetration depth exceeds 1/10th of the

coating thickness (values in bold font), a significant drop in

the apparent surface hardness value is evident, thereby

reflecting the influence of the substrate. For the rest of the

indents, regardless of coating thickness, the penetration

depth is almost the same for a given normal load. Fig-

ures in italic font indicate values just exceeding the 1/10th

threshold.

Figure 5(a), (b) and (c) shows SEM micrographs of

indents on top-surface of C30 coatings corresponding to

0.5 kgf, 1 kgf and 4 kgf of normal load. In the case of 0.5

kgf normal load, no cracks or breakage of the coating was

observed around the indent. By increasing the normal load

from 0.5 to 1 kgf, formation of cracks, mostly within the

penetration area (inside the indent, designated as I), were

observed. Also, signs of limited crack propagation can be

traced outside of the indent (designated as II). For the

indent performed at the highest load (4 kgf), rigorous

cracking occurred inside and outside the indent. In this

case, the coating was greatly fractured in the form of cone-

cracking, surrounding the indent. This can be due to the

particular stress field in a Vickers indentation. This stress

field results in great plastic deformation of the substrate

under the indent, and as a result, deformation and breakage

of the hard coating (Ref 38-40).

Different cracking behavior of the indents was observed

when performing on the cross section. Radial in-plane

cracking was indicated for loads higher than 2 kgf (Fig. 5d,

e and f). No cracking was observable for the loads 1 kgf or

less, while signs of crack initiation were detected at 2 kgf

(Fig. 5d). The cracks were in the form of in-plane due to

the presence of soft substrate and the mounting material.

Sliding Wear

Sliding wear performance of all the coatings with various

thicknesses was evaluated by performing BoD testing and

comparing the specific wear rate values. Also, CoF was

monitored for all the tests throughout the tests and post-

wear analysis was performed on the resulting wear tracks.

Figure 6(a) shows CoF evolution for the three coatings

C30, C100 and C240 during BoD testing performed under

20 N as normal load. All the tests were reached a steady-

state CoF after about 10,000 s of running-in period. CoF

value for each test was relatively steady with limited

spikes, which is usual for this type of coatings (Ref 31, 41).

CoF average values for all the tests were recorded to be

between 0.25 and 0.35. Under 20 N normal load, C240

Fig. 4 Apparent top-surface

Vickers hardness values of all

the coatings; performed at

various loads
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coating showed slightly lower CoF value among all,

however, no clear reasoning can be suggested for this

behavior since it greatly depends on the stochastic nature of

the contact between the two surfaces.

Figure 6(b) presents the specific wear rates for all the

coatings tested under 20 N normal load. All the coatings

with various thicknesses performed outstandingly, reveal-

ing a very low specific wear rate of the order of 10–8

(mm3�N-1.�m-1). The two coatings C240 and C150

exhibited similar performance with the average specific

wear rate of around 1.5 9 10–8 (mm3�N-1�m-1). In none of

the coatings, the substrate was exposed and this was

Table 2 HVAF spraying parameters employed for coating deposition

Parameter Value

Air, psi/bar 99/6.82

Fuel, psi/bar 95/6.55

Carrier gas flow rate, l/min 40

Powder feed rate, g/min 160

Standoff distance, mm 200

The traverse speed of the spray torch, m/min 100

Carrier gas Nitrogen

Table 3 Penetration depth of

top-surface indentation (in lm)

on different coatings under

various loads and a comparison

with 1/10 of coating thicknesses

(t)

C30

(t/10 = 3 lm)

C50

(t/10 = 5 lm)

C100

(t/10 = 10 lm)

C150

(t/10 = 15 lm)

0.05 kgf 1.1 1.1 1.1 1.1

0.1 kgf 1.6 1.6 1.6 1.6

0.2 kgf 2.3 2.3 2.3 2.2

0.3 kgf 2.8 2.8 2.8 2.8

0.5 kgf 3.8 3.7 3.7 3.6

1 kgf 6.1 5.3 5.3 5.2

2 kgf 12.4 7.7 7.5 7.4

3 kgf 18.6 10.5 9.2 9.2

4 kgf 21.4 13.7 10.7 10.6

Fig. 5 SEM micrographs of the indents performed on top-surface of

C30 coatings (a, b and c) and cross section of C150 coating (d, e, and

f) at various loads indicated in the pictures. Cracking tendency of the

indents performed on top-surface inside and outside of the indents

indicated by I and II, respectively. Cracking tendency of the indents

performed on the cross section in the form of radial in-plane cracks,

shown by III
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expected considering the extremely low specific wear rate

(see penetration depth in Fig. 10(e)). By decreasing coating

thickness to 100, 50 and 30 lm, a slight increasing trend in

specific wear rate was observed so that the specific wear

rate of C30 coating was measured to be 4 9 10–8 (mm3-

N-1�m-1). To explore the possible explanation of this

slight increase in specific wear rate, post-wear analysis was

conducted on the as-tested C30 and C240 coatings. This is

subsequently discussed in Sect. Abrasion Wear. Specific

wear rates for alumina balls were measured in the case of

C30 and C240. The values for the two coatings were

similar with a rate of * 1.6 ± 0.1 9 10–9 (mm3�N-1-

m-1). This was expected considering the same wear track

width in the case of C30 and C240 coatings Fig. 10(e).

As shown in Fig. 6(b), the specific wear rate of C240

coating was higher than that of the C30 coating when

testing under 20 N normal load. Figure 7(a) shows average

CoF values for all the coatings after the initial running-in

period (after 10,000 s), comprising standard deviation

calculated from the average CoF values of test repetitions.

Average CoF values fluctuate between 0.2 and 0.4 for

C240 and C30 tested under 5, 10 and 20 N load. The

average CoF for the C240 under 20 N was around half of

the value for C30 (22 vs. 41) tested under the same load.

No correlation could be found between the CoF and load

for the other two coatings.

In order to investigate the possible reason for this

behavior, BoD tests were performed under lower loads,

including 10 N and 5 N. Figure 7(b) shows specific wear

rate values for thin and thick coatings in terms of various

normal loads. Under 5 N of normal load, C30 performed

even slightly superior to the thick coating. Also, for the

case of 10 N normal load, the wear performance of the two

thick and thin coatings was comparable. Hence, it can be

concluded that wear performance of thick and thin coatings

is similar under BoD testing when the normal load is 10 N

or less. In other words, when surface pressure is less than a

certain value, the tribological behavior of the coatings was

similar and not significantly influenced by their thickness.

To confirm this, another suitable tribological test was

selected, with less surface pressure, to evaluate the per-

formance of the thin and thick coatings. In abrasion testing,

under standard ASTM G65, contact pressure is expected to

be lower because of the distribution of normal load over a

larger area of the surface.

Abrasion Wear

Figure 8 shows weight loss of C240 and C30 coatings

along with results from another thick WC-CoCr coating

fabricated from coarse powder (15–45 lm) under sand-

rubber wheel testing during three time intervals of 10 min.

Reasonably constant slopes for both the tests indicate that

the tests reached steady-state situation from the very

beginning of the first 10 min, and also reflect the repeata-

bility of the tests. In the case of thick coating fabricated

from coarse powder, Thick-Coarse, it can be seen that,

unlike C30 and C240, the steady-state situation was not

achieved and mass loss shows a decreasing trend, with the

mass loss during the first 10 min being higher (Ref 4). The

reason could be the rougher surface finish in the case of

coatings fabricated from the coarse powder (see

Sect. Coating Microstructure) and the consequent prefer-

ential removal of the significant surface asperities during

the early stages of testing. A similar slope and, as a result,

an almost identical total mass loss at the end of the tests

suggested comparable abrasion wear performance of the

thick and thin coatings.

Influence of Peening Effect

It was shown that both thick (C240) and thin (C30) coat-

ings performed comparable under reasonably milder sur-

face pressure. However, all the coatings discussed thus far

Fig. 6 Wear results for coatings tested under 20 N normal load, (a): CoF evolution throughout the tests for C30, C100 and C240 coatings, (b):

specific wear rate values for all the coatings
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were first sprayed thick to an identical thickness (about 250

microns) and then ground to different thicknesses. The

motivation for this was to prevent any deviation in coating

microstructure or properties originating from a potential

difference in the spraying process. However, in HVAF-

sprayed WC-based coatings, considerable potential com-

pressive stresses are expected due to the peening effect.

Besides, the induced compressive residual stresses increase

with coating thickness and this is attributable to the pro-

gressively higher number of particle impacts. Moreover,

the underlying coating during each spraying scan is sub-

jected to a peening effect (Ref 42–44). Therefore, a thin

coating ground from an initial thick coating (C30) can

potentially represent different properties than a thin coating

which was originally sprayed thin (C30-sprayed thin

specimen), if the role of peening is significant. Hence, the

tribological behavior of these coatings should be separately

evaluated.

Figure 9 shows the specific wear rate of the two C30 and

C30_sprayed thin coatings. Comparable performance of

the two coatings can be concluded. This result can rule out

the possible influence of the peening effect on wear per-

formance of the WC-CoCr coatings fabricated from fine

powder feedstock. This result aligns with a negligible

difference in the microstructure of the two coatings, as

discussed in Sect. Coating Microstructure. This observa-

tion is in contrast with the results in the study by Bolelli

et al. (Ref 28), in which the peening effect and consequent

densification were suggested to be responsible for a better

wear performance in thicker HVOF-sprayed (2 torch scans

vs. 5 torch scans) WC-CoCr coarse (from powder size of

15–45 lm) coatings. However, this contradiction can be

originated from the difference in spraying techniques

employed (i.e., HVAF vs. HVOF). For the case of HVOF

coatings, it was observed that the coatings become denser

and harder by increasing the number of torch scans (Ref

Fig. 7 Wear results for C240 and C30 coatings tested under 20 N, 10 N and 5 N normal load, (a): average value of CoF value during steady and

(b): specific wear rate values

Fig. 8 Abrasion wear

performance of the thick (C240)

and thin (C30) coatings along

with the thick coating fabricated

from coarse powder (Ref 4)
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28). While in the HVAF case (this study), no clear dif-

ference was observed in the coating microstructure when

changing thickness. In other words, the coating is already

pretty dense for peening not to have such a significant role

in the densification of sub-layers.

Discussion

It was seen that for 20 N normal load, a clear decline

occurred in wear performance of the thin coatings. There

could be two possible reasons for this decline: i) influence

of peening or compressive residual stresses and ii) influ-

ence of the substrate. The peening effect can be considered

negligible from various points of view. Firstly, in Fig. 6, it

can be seen that the two coatings C240 and C150 (which is

C240 polished to 150 lm) performed the same, although

most top layers of the coating ground down to 150 lm

from about 250 lm in case of C150 have undergone more

strokes and as a result more peening effect than the C240

coating. Besides, considering that peening results in a more

densified microstructure, the performance should have

experienced an improvement. While according to Fig. 6,

the wear performance declines by moving toward layers

that have undergone more stroke scans (less thickness).

Moreover, it is clearly shown in Fig. 9 that C30 (sprayed

250 lm and ground to 30 lm), with a higher peening

effect, performed similar to C30_sprayed thin (sprayed

50 lm and ground to 30 lm), with a lower peening effect,

which again confirms the negligible influence of peening

here. The negligible difference in hardness value (under

lower loads than 0.5 kgf) of the thin and thick coatings as

well as coating microstructure throughout the thickness are

the other reaffirmations of this.

Substrate, on the other hand, was found to have a great

influence on apparent surface hardness as well as wear

performance under certain testing conditions. According to

the Hertzian theory of contact mechanics for sphere on a

flat surface (Ref 45), the contact radius ar, the average

Hertzian contact stress ravg; the maximum Hertzian contact

stress rmax and the maximum shear stress smax can be

calculated using Eqs. 1, 3, 4 and 5.

ar ¼
3FnR

4Er

� �1=3

ðEq 1Þ

1

Er
¼ 1 � m2

b

Eb
þ 1 � m2

c

Ec
ðEq 2Þ

ravg ¼
Fn

pa2
r

ðEq 3Þ

rmax ¼
3

2
ravg ðEq 4Þ

smax ¼
Fn

2pa2
r

ðEq 5Þ

where Fn is the applied normal load, R is radius of the ball

as the counterpart, Er is reduced Young’s modulus, Eb and

Ec are the Young’s modulus of the ball and the coating,

respectively, and mb and mc are the Poisson’s ratios of the

ball and the coating, respectively. Maximum shear stress

occurs at a depth of z below the surface according to Eq. 6

(Ref 46).

z ¼ 0:638ar ðEq 6Þ

Calculated values for the average Hertzian contact

stress, the maximum Hertzian contact stress, the maximum

shear stress and the corresponding depth at the beginning

of the test are presented in Table 4. The calculation was

done based on the following mechanical properties for the

coating and the alumina ball as the counterpart: Ec = 257

GPa, tc = 0.28 (Ref 47), Eb = 370 GPa and tb = 0.22 (Ref

48).

According to Table 4, location of the maximum shear

stress for loads 5 N, 10 N and 20 N occurs at 19 lm,

25 lm and 31 lm from the surface, respectively. It is clear

that by increasing normal load not only the Hertzian stress

is increased but the location of maximum shear stress is

also moved toward the substrate. Meaning that in the case

Fig. 9 Wear results for C30 and C30_sprayed thin coatings

Table 4 Average Hertzian contact stress ravg, maximum Hertzian

contact pressure rmax, maximum shear stress smax and the corre-

sponding depth z

Fn, N ravg, GPa rmax, GPa smax, GPa z, lm

5 0.94 1.41 0.44 19

10 1.18 1.78 0.56 25

20 1.49 2.24 0.70 31
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of thinner coatings under higher loads, most of the load is

to be carried by the substrate (soft) and as a result, plastic

deformation of the substrate and the coating. This can

explain the jump in specific wear rate in case of C30 when

testing under 20 N normal load (see Fig. 7b), where the

maximum shear stress is close or within the substrate.

However, no big difference was observed in wear mecha-

nisms of thin and thick coatings, as shown in Fig. 10.

Instead, it seems that in the case of C30 coating, the

coating material was more plastically deformed, or in other

word, the ball was more sank into the surface. This results

in a deeper wear track for coatings C30 while the width of

the wear tracks is similar (see Fig. 10e).

In other words, for thinner coatings, when the normal

load (surface pressure) exceeds a certain value, the

apparent surface hardness declines because of substrate

influence. This suggests the surface being apparently softer

and easier to penetrate. Figure 11 shows a schematic view

of wear tracks under 20 N normal load. In both cases, some

material is removed (dw) which can be considered roughly

the same for the two thick and thin coatings. On the other

Fig. 10 Post-wear analysis of

tested C30 (thin) and C240

(thick) coatings, (a), (c): optical

images of wear tracks, (b), (d):

SEM micrographs of wear

tracks; (e): Wear track profiles

Fig. 11 Schematic diagram of wear tracks of C240 and C30 coatings

under 20 N normal load

Fig. 12 Contact surface in the wear tests (a): ball in sliding wear and

(b): coating tested under abrasion wear
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hand, in both cases, material can be plastically deformed

(dp1 and dp2) which itself is correlated to the apparent

hardness of the surface. In the case of C30, apparent

hardness is lower and higher penetration depth is expected

compared to the coating C240 (dp2[ dp1). Surface hard-

ness investigation in Sect. Cross-sectional and Top-Surface

Hardness confirms lower apparent hardness of the thinner

coatings when the surface load exceeds a certain limit.

To further affirm the influence of high surface pressure

and as a result, involvement of substrate, a rough calcula-

tion was made for the surface pressure in the cases of

sliding wear and abrasion wear and they were compared to

a real application.

Figure 12 shows contact surfaces in BoD and abrasion

after the tests are finished. Normal pressure on the coatings

can be calculated by having area of the contact surface and

considering the normal load of 20 N for BoD and 130 N

for abrasion (at the end of the tests). Normal pressure of at

least 220 MPa was applied in the case of BoD testing,

while this value for abrasion was only about 0.3 MPa.

Also, according to Table 4, average Hertzian contact

stresses of 0.94 GPa, 1.18 GPa and 1.49 GPa are applied to

the coating/substrate (at the beginning of the sliding wear

testing) under 5 N, 10 N and 20 N load, respectively.

However, it is very unusual to find an application where

Hertzian stress surpasses 1 GPa (Ref 47). For instance, one

of the applications of WC-based coatings could be auto-

motive breaking disks (Ref 49). Normal pressure in an

automotive braking disk was calculated to give an idea of

surface pressure in a typical real application. The surface

area of a typical braking pad is around 9,000 mm2 and the

normal load can be in a range of 5 to 15 kN (Ref 50). Thus,

the normal pressure was calculated to be in a range of 0.5

to 1.6 MPa. Therefore, it can be seen that normal pressure

in a BoD testing with 20 N normal load can be far more

severe compared to some of the real applications. Hence,

thinner WC-based coatings can be considered a promising

route to save operation costs as well as the usage of conflict

elements such as W and Co in the applications where the

surface pressure is not very extreme.

Summary and Conclusions

Tribological performance of HVAF-sprayed WC-CoCr

coatings was evaluated under sliding and abrasion wear

conditions. Also, microstructural and mechanical charac-

teristics of the coatings were studied in order to better

explain the wear behavior of the deposited coatings. It can

be concluded that;

• Microstructure and hardness of the thick and thin

coatings seemed to be comparable without any notice-

able difference.

• Sliding wear performance of the coatings with thick-

nesses lower than 150 lm, under 20 N normal load,

showed to be slightly inferior to that of conventional

thick coatings. By further investigation, performing

hardness measurements at various loads, calculating

values and locations of the Hertzian contact stresses as

well as BoD tests at lower loads, it was concluded that

the severe high pressure ([ 1 Gpa Hertzian stress) and

as a result influence of substrate is the reason of slight

decline in wear performance of thinner coatings under

BoD test with 20 N normal load.

• Thin and thick coatings exhibited similar performance

when testing under sliding wear with a normal load of

10 N or lower. Also, the apparent top-surface hardness

of all the coatings was similar for the load of 0.5 kgf or

lower.

• Sprayed thick and sprayed thin coatings showed similar

performance under sliding wear conditions, indicating a

negligible peening effect influence.
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