ELSEVIER

Wear 203-204 (1997) 98-106

WEAR

Wear of high-velocity oxy-fuel (HVOF)-coated cones in rolling contact
R. Ahmed, M. Hadfield

Brunel

P of

ical Engineering, Uxbridge UB8 3PH, UK

Abstract

An h using a

dified four-ball machine was used to investigate the rolling-contact fatigue (RCF) performance of

tungsten carbide cohalt (WC-12%Co) coatings deposited by the high-velocity oxy-fuel (HVOF) process. The coated rolling-elements were
in the geometrical shape of a cone which replaced the upper ball of the modified four-bail machine. The RCF tests simulate the configuration
of a deep groove rollmg-elemem ball bearing, and the tests were conducted in a conventional steel ball bearing and hybrid ceramic bearing
Thy Hertz contact stress and the test lubricants were varied to provide various tribological conditions during
the tests, Three different coanng thicknesses were investigated and the coatings were ground and polished to attain a good sutface ﬁmsh on
the rolling elements. The effect of substrate hardness, coating thi and fluid film thi the RCFp g
along with the coating failure modes. Coating wear has been analysed using a scanning electron (SEM) and the results di: d
with the aid of the coating mlcrosuuclure, microhardness and talysurf analysis of the wear track. Test results reveal that the performance of
the cnaung is upon ion of lh: b: and the ceating prop h g failure is a fi f surface
b h d ing upon the | conditions during the test. Thinner coatings dld not fnll atthe interface, mdlcaung
a good adhesive strength between the coating and the substrate. The depth of the failure and its with the

depth has been discussed. The coating failure was observed to be a combination of surface wear and subsurface delamination.

Keywords: Thermal spraying; HVOF; Rolling-contact fatigue

1. Introduction

Th lly sprayed bide cobalt (WC-Co) coat-
ings deposited by high-veiocity thermal spraying processes
are well known for their resistance against sliding wear, ham-
mer wear, abrasion wear and fretting [ 1]. This coating proc-
ess uses higher velocities of the impact particles (typically
750 ms~') in comparison to the plasma spraying process,

performance of the coated components. The brittleness and
weakness of these coatings due to their lamellar structure
have limited these coatings to low-stress applications. The
wear behaviour of these coatings thus relies upon the pre-
vailing tribological conditions during a sliding, rolling or
rolling/sliding contact. The failure mechanism and wear
properties of these coatings can thus vary for different contact
conditions. Unfortunately, there is a lack of data available on

which results in a dense and coating

These coatings have shown improvements in the lifetime of
components working in hostile environments with corrosion
and abrasion [2], etc. These characteristics have enabled
thermal spray coatings to become an integral part of the air-
craft and automobile industry [3]. The spectrum of applica-
tions of these coatings is not limited to tribological problems,
but a diversified range of appl such as cl

the perf of these coatings under rolling or rollmg/
sliding contact. This study add one such i

in which the wear of thermally sprayed WC-Co coatings was
investigated in rolling contact under various tribological con-
ditions of lubrication and contact configuration for different
coating thicknesses. The lubricants were varied to provide
fully developed (A>3), mixed (A>1) and boundary

trols, thermal barriers, marine engineering, etc., are common
to the mduslry However, the performance of these coatings
is dent. That is, it d ds not only on the
servlce condmons, but also on the contmg and the substrate
material, coating process parameters, coating thickness and
functional grading, etc. In general, it is the combination of
the coating and the substrate properties which govern the
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(A<1) (A=ratio of fluid film thickness to average
surface roughness).

During this study a modified four-ball machine, which
differs from the four-ball machine in the sense that the lower
planetary balls are free to rotate, was used to investigate the
rolling-contact fatigue (RCF) performance of thermal spray
coatings. The failed rolling-element coatings are anatysed for
surface failures using scanning electron microscope (SEM)
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observations. The results are discussed with the help of micro-

coating ucture and talysurf
analysis of the wear track.

1.1. Previous RCF studies

Initial studies on the RCF behaviour of thermally sprayed
ceramic and metallic coatings were reported by Tobe et al.
[4] using atwo-roller type rolling-fatigue test machine. They
observed that the surface roughness of the rollers was signif-
icant to the fatigue performance, and aroller design to support
the coatings at the edges can improve the fatigue life. Later
studies by Tobe et al. [5] on an aluminium substrate revealed
that the compressive strength of the coating and the shear
stress between the coating and the substrate are the most
important factors for the RCF performance of these coatings.
The test results showed that the variation in tribological con-
ditions can alter the failure mechanism of these coatings;
moreover, significant residual stresses can be generated
within the coating microstructure during the RCF tests.

Makela et al. {6], during their experimental approach to
study the RCF behaviour of WC-12%Co coated steel rollers
using a three-roller and two-roller type test machine, revealed
that the behaviour of these coatings not only depend upon
Hertz contact stress, but also on the tribological conditions
and vibration during the test. Similarly, Sahoo [7] studied
the RCF resistance of WC-Co coatings in the slat and flap
track of the aircraft wing under high stresses, and reported
that cracks initiated from the surface and progressed through
the coating thickness. Hadfield et al. [8] during their study
of D-gun coatings reported that the WC-Co coatings failed
within the coati i b the AL,O; 2!
failed at the interface. Yoshida et al. [9], in their study of
cermet coatings in rolling—sliding contact, found that the slip
ratio is significant to the performance of these coatings in
rolling/ sliding contact. Moreover, thin coatings showed low
fatigue life if the substrate surface was not blasted prior to
the coating process.

In general, these studies have categorized the coatings fail-
ure as del and have indicated that the failure is
influenced by the tribological conditions during the test. In
most of the cases the failure takes place at the coating sub-
strate interface. This can be a result of the mismatch between
the coating and sut properties, leading to
trations, effects of preparation before spraying and
the residual stress behaviour due to the differences in thermal
expansions of the coating and the substrate, etc. However,
these studies give a very short account of the failure mecha-
nisms of these coatings under the various tribological con-
ditions, i.e. relation of coating thickness, shear stress reversal
depth, lubricant film thick~~ss and coating microstructure,
etc., on the perfor f these Further studies are
h quired to establish a better ding of the
fatigue wear of these coatings under low and moderate stress
conditions.

2. Experimental test procedure
2.1. Test configuration

A modified four-ball machine, as shown inFig. 1, wasused

[2 ine the RCF perfor f thermally sprayedrolling

1 This machine simulates the configuration of adeep
groove rolling-element ball bearing. It was used as an accel-
erated method for the eval of the RCF perfc as

many more stress cycles can be achieved in a fixed contact
area, The coated rolling-l t cone was d to the
drive shaft via a collet, and drove the three planetary balls,
which are free to rotate in a stationary cup. The drive-coated
cone represents the coated inner race and the three plenary
balls act as the rolling elements in the configuration of the
deep groove ball bearing. The stationary cup represents the
outer race of a rolling-element ball bearing in the contact
model of the modified four-ball machine.

The cup assembly was loaded via a piston below the steel
cup from a lever arm load to generate the required Hertz
stress between the coated rolling-element and the plenary
balls. Conventional cleaning methods were used to avoid

ination of the i rfaces in the 1
before the RCF tests. The tests were conducted at an ambient
temperature of approximately 24 °C. The spindle speed was
set to 4000 £ 5 rpm using a high-speed drive. The machine
was set to stop when the vibration amplitude increased to
a preset maximum value due to the failure of any rolling
element in the cup assembly.

The cup ly for the test g was of type I
[10] having a surface hardness of 60 HRC (hardness Rock-
well C). RCF tests were conducted in conventional steel ball
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Fig. 1. Schematic of modified four-ball machine: (1) coated cone and collet;

(2) planetary balls; (3) spindie; (4) loading lever; (5) driving motor; (6)
heater plate; (7) loading piston; (8) belt drive.
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bearing (steel plenary balls) and hybrid ceramic bearing
(ceramic plenary balls) configurations. The steel lower balls
were grade 10 (ISO 3290-1975) carbon chromium steel with
an average surface roughness (Ra) of 0.02 pum and surface
hardness of 64 HRC. The ceramic plenary balls were silicon
nitride ic and f: d by hot i ically press-
ing. Ball blanks were ground and polished to a 12.7 mm
diameter with an Ra of 0.01 um.

2.2. Coated cone test elements

Thermally sprayed tungsten carbide cobalt (WC-12%Co)
coatings produced by the high-velocity oxy-fuel (HVOF)
process were deposited on the surface of the steel cones. The
rolling-element cone was of 14.5 mm diameter having an
apex angle of 109.2°. The substrate material was sand blasted
prior to the coating process to improve the adhesive strength
due to increased bonding contact area and the mechanical
interlock between the substrate material and the overlay coat-
ing. The rolling elements were coated in three thick by

lubricant viscosity constant at the inlet of the contact area. In
this arrangement a micro pump having a volume flow rate
range of 1170-1.2 cm® h~! was used to splash the lubricant
onto the contact point through the hypodermic syringe. The
contaminated lubricant was removed from the cup assembly
using a gravity drain system.

The RCF tests were conducted at a load of 160 N applied
to the cup assembly. The ratio (A) of the approximate value
of the clasto-hydrody ic lubri (EHL) film thic}

[ 11] to the average surface h for the test lubri

A and B under the given test conditions was calculated to be
10and 1.5, respectively. The EHL results for the test lubricant
C are not included due to the lack of technical data such as
the pressure viscosity coefficient. However, it was estimated
that the A value was less than unity under the given test
conditions (for a range of pressure viscosity coefficients).
This could imply that boundary lubrication exists.

Fig. 3 shows the schematic of the arrangement used to
measure the total frictional torque in the modified four-ball

several passes of the spraying in a direction perpendicular to
the cone axis. The rolling elements were ground and polished
to give an average coating thickness of 150, 50 and 20 pm.
The Ra values of the coated rolling-clements after polishing
was measured to be 0.05 wm at a cutoff of 0.25 mm using a
gaussian filter. The measurement direction for the average
surface roughness was perpendicular to the rolling direction.

2.3. Test conditions

In order to access the performance of thermal spray coat-
ings under various tribological conditions, three lubricants
were considered during the testing programme. Lubricant A
was a high viscosity paraffin hydrocarbon which has a kine-
matic viscosity of 200 cst at 40 °C and 40 cst at 100 °C. This
lubri was not iall, ilable. Lubricant B was a
synthetic lubricant which has akinematic viscosity of 12.5 cst
at 40°C and 3.2 cst at 100 °C. The test lubricant C was a
mixture of distilled water and brake fluid in equal proportions
by volume which were thoroughly mixed in an ultrasonic
bath. This lubricant was used to access the performance of
these ings in hostile by making the fluid

ive. Lubri C was d to have an average
kinematic viscosity of 9.06 cst at room temperature of 24 °C
using a Redwood viscometer. The RCF tests with the test
lubricants A and B were conducted in immersed lubrication
conditions. This is consistent with previous studies [ 8,13,14)
by the authors where these lubricants did not suffer from
contamination or high viscosity variations under the given
test conditions. However, prel y studies indicated that
this lubrication system was inadequate for the test lubricant
C, due to water evaporation owing to the flash temperature
between the rolling el and high ination by the
debris. A splash feed lubrication, shown in Fig. 2, was used
to conduct RCF tests with lubricant C. This was necessary to
drive the debris away from the rolling contact and to keep the

bly. This ists of a torque arm protrud-
ing from the base of the cup assembly which contacts a force

5
~5 4

by

7 r N 3

Fig. 2. Schematic of feed lubrication system: (1) flask; (2) seal; (3) micro
pump; (4) flexible tubing; (5) injector syringe; (6) cup assembly; (7) flow
control valve.

Fig. 3. Schematic of the frictional torque measurement arrangement: (1)
cup assembly; (2) torque arm; (3) force transducer; (4) digital readout;
(5) printer; (6) applied load; (7) rolling element thrust bearing.
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transducer atthe otherend. The iscalib

the measurements, and the output signal is sent to a readout
display and printer. The cup assembly rests on a rolling-
element thrust bearing. The frictional torque measured is the
sum of the frictional torque in the four-ball cup assembly and
the frictional torque due to the rolling-element thrust bearing
through which the load is applied to the cup assembly. Only
one rolling-element cone was used for these measurements,
and the frictional torque measurements were conducted under
the given test conditions of contact stress and spindle speed
in contact with the stee] plenary balls. The average frictional
torque measured for the test lubricants A, B and C was 0.043,
0.041 and 0.05 Nm, respectively. These friction values are
low and indicate that the coefficient of friction between the
driver and driven rolling-elements was low for the three test
lubricants.

2.4. Microhardness measurements

Knoop and scratch hardness testers were used tc measure
the microhardness of the thermal spray coatings. These meas-
urements were made at three different loads of 0.981, 1.962
and 2.943 N, and it was found that a load of 2.943 N gave
the most statistical confidk in the microhard results.
Th s indi ot the microhard Py ing
varies from 1097 to 1390 Hv (micro Vickers hardness), with
an average value of 1318 Hv. The studies of the steel substrate
microhardness indicate an average value of 218 Hv ata load
of 0.981 N. Studies were also made to investigate any differ-
ence in the values of microhardness on the surface and the
coating cross-section, due to the lamellar structure and ani-
sotropy. These studies rried outon a flat steel sub
to avoid any error in the results due to surface curvature of
the rolling elements. A 200 pm coating was prepared on a
flat sub for tts analysis and were made
at the above-mentioned loads. The results indicate that the

ge surface microhardness of these coatings was approx-
imately the same as the thrugh thickness microhardness at
the 2.943 N load. During these measurements it was found
that the coating can crack at certain locations at low loads of
0.981 N, whereas at other sections the coating does not crack
even at a higher load of 2.943 N. This behaviour was evident
on the surface as well as through thickness measurements. A
typical result is shown in Fig. 4, in which the crack propa-
gated at aload 0f 0.981 N. There was no definite trend in this
anisotropic behaviour of the coating and it is appreciated that
the fracture toughness of the lamellar structure of the coating
is different within the microstructure.

‘The weakness in the coating microstructure was also seen
in a simple compression test in the four-ball machine. The
coated rolling-element cone was loaded at a Hertz contact
stress of approximately 6 GPa in a clean, dry contact with the
stationary plenary steel balls of the four-ball machine. The
load was removed and it was observed that the surface of the
rolling-element cone peeled as shown in Fig. 5. The coating
particles adhered to the ball surface. This shows that the

Fig. 4. Microhardness indeatation (load 100 p).

Fig. . Coating surface.

deformation resistance of the coating substrate combination
was low. , the cohesive gth b he Jamel
lae is low and the coating is prone to peeling in the absence
of shear force. This can indicate the weal and bril

of the coating microstructure. Cracks can also be seen on the
edge of the contact area due to the tensile stress.

2.5. Coating microstructure

Fig. 6 shows a typical microstructure of the coating cross-
section in SEM. The secondary eclectron image (SEI) is
shown in Fig. 6(a), whereas Fig. 6(b) shows the back-scat-
tered electron image (BEI). The comparison of the two
images shows that the amcunt of retained WC particles is
high which is typical of the HVOF process. The size of
retained WC particles varies from 1 to 5 pm. Secondary-
phase particles are not in the mi How-
ever, there are numerous pores and cracks evident in the
coating microstructure. The average coating porosity can be
approximated as 1%. It should be appreciated that it is not
only the magnitude of porosity, etc., but also the shape of
microcracks which can lead to stress concentrations and thus
affect the RCF life. X-ray difiraction analysis of the micros-
tructure confirmed that the amount of retained WC particles
was high with small quantities of W,C particles. This is con-
sistent with the work done by Harvey et al. [12], and is
indicative of the high wear resistance of the coatings.
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3. Experimental test results and surface observations

3.1. Test results

Table 1 shows the RCF test results for the HVOF-coated
rolling-element cones under the various tribological condi-
tions of testing. Results are presented in terms of the test

i ion, coating thick Hertz contact stress, loca-
tion and magnitude of orthogonal shear stress and the time to
taiiure. The magnitude and location of stresses shown in
Table 1 represent the case of uncoated rolling-elements.

These results are included to give an indication of the stress
fields within the rolling elements under the given test condi-
tions, since the case of coating substrate combination cannot
be readily applied in the Hertzian contact analysis. One
approach could be to use the approximate solution using

modelling, as indicated in the p studies by
the authors [13]. However, the coating porosity and anisot-
ropy need to be considered, which can make these models
complex and expensive to solve. The RCF test results give
an appreciatic.» of the perfi of the coated clements
and are not intended to be used as a basis for statistical fatigue
life prediction. The test results indicate that the coating thick-
ness and the lubricant type can have significant effects on the
RCF performance of these coatings.

3.2. Surface observations

Fig. 7 shows the surface observations of a 150 um-thick
coated rolling-element tested in lubricant A in contact with
the steel lower balis. Fig. 7(a) shows the BEI of the overall
area of the failed coating. It can be seen that the coating failed
from within the microstructure as indicated by the bright
(high atomic number ) image. The p of the
coating was d by el probemi p lysi:
(EPMA) at the failed coating section. The SEM image of the
failed coating at a higher magnification at an inclined angle
is shown in Fig. 7(b). This figure also shows the coating
debris which are about to delaminate from the wear track.
Fig. 7(c) shows the failed coating at an inclined angle at a
higher magnification. The coating failure was parallel to the
surface of the rolling element. This type of delamination
failure from within the coating microstructure was seen in all
the tests conducted with 150 and 50 pum-thick coatings.

Fig. 8 shows the SEM observations of a 20 p.m-thick coat-
ing tested in lubricant B with steel lower balls. The test was
suspended after 16 million stress cycles. Fig. 8(a) shows the
surface of the rolling element cone in BEL It can be seen that
the coating is intact with the substrate, with no microcracks

Table 1
RCF test results
Test Average Lubricant Planctary *Peak *Orthogonal *Contact *Depth of Time to
¢ sating type balls compressive shear stress width (a) orthogonal failure
thickness stress (Po) (0.21Po) (major axis) shear (0.3a) (min)
(pm) (GPa) (GPa) (mm) (pm)
T 150 A Steel L7 0.36 0.133 40 288
T 150 B Steel 1.7 0.36 0.133 40 2118
T 50 A Steel 17 0.36 0.133 40 3420
T4 50 B Steet 1.7 0.36 0.133 40 1740
TS5 50 [ Steel 17 0.36 0.133 40 162
T6 50 [ Ceramic 19 040 0.125 37 18
™ 20 A Steel 17 0.36 0.133 40 7620
T8 20 B Steel 17 0.36 0.13 40 912
kel 20 [o} Stecl 17 0.36 0.133 40 640
TI0 20 C Ceramic 19 042 0.125 37 339

# Uncoated case.
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Fig. 7. SEM observations of 150 yum thick coatings in lubricant A.

visible on the wear track. Fig. 8(b) shows an SEM obser-
vation of the wear track, and small pits can be seen on the
surface of the wear track. Fig. 8(c) shows the cross-section
of the wear track. Cracks and pits can be seen on the surface
of the wear track, some of which could have been caused
during the sectioning and polishing of the coating. However,
itis interesting to note that no delamination cracks are visible
underneath the wear track. Fig. 9 shows a typical talysurf
observation of the wear track of this rolling element afier the
RCF test. The figure indicates that there may be some coating
deformation at the edge of the wear, which is consistent with
the previous studies by the authors [14].

Fig. 10 shows the BEI of the surface of the rolling element
cone tested in lubricant C in contact with the ceramic lower
balls. Fig. 10(a) shows the BEI of the overall view of the
wear track. It can be seen that the coating is still intact with

Fig. 8. SEM obscrvations of 20 yum thick coesing in lubricant B.

the sub h , an appreciable amount of surface
wear can be seen on the wear track. Fig. 10(b) shows the
wear track pit at a higher magnification in the BEL The
presence of coating material at the bright portions was con-
firmed by EPMA analysis. It can be seen that the coating
failure is from the substrate material. This behaviour is more
evident in Fig. 10(c) which shows the cross-section of the
wear track. This figure shows plastic deformation and cracks
in the substrate material.

Surface observations of the plenary balls after the RCF
tests indicate that WC debris were present on the surface of
the rolling-element balls. Fig. 11 shows a typical result which
shows debris (BEI) on the surface of the plenary balls tested
in lubricant C. This behaviour was commonly seen in the
tests conducted with lubricant C. However, the occurrence of
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Fig. 9. Talysurf analysis of the wear track of 20 pm coating.

bedded WC debris particles on the lower balls was rare
for tests conducted in lubricants A and B.

Fig. 12 shows SEM surface ot i g
debris particle for a 150 wm-thick coated rolling-elemen
tested in lubricant B. Fig. 12(a) shows the top surface of the
delaminated particle. Fig. 12(b) shows an SEM representa-
tion of the failed surface of the de=bris particle. Fig. 12(c)
shows the debris particle edge at an inclined angle and gives
an appreciation of its thickness. The debris particle size can
be approximated as 800 X 500 X 70 um. However, this debris
size was rare in the test lubricants. In general, the debris for
150 and 50 pm-thick coatings were smaller in size and

pp ty half of the di of the particle shown
in Fig. 12. However, the debris for the tests conducted with
20 m thick coatings were much smaller in size. It is possible
that the small size of debris was due to the rolling of debris
between the rolling elements after the coating failure.

ofafailed

4, Discussion

The RCF test results indicate that the coatings performed
better with the high viscosity lubricant (A). M , thin-

Fig. 10. SEM observations of 20 wm thick coating in lubricant C.

Hence it can be established that the frictional forces did not
significantly influence the coating failures for the three

ner coatings (20 um) showed a longer RCF life than the
thicker coatings (50 and 150 um). However, the trend was
not consistent for lubricant B. The tests with the

Delamination behaviour {Fig. 7(b)] was seen in all the
cases for 50 and 150 wm-thick coatings. The depth of failure

lower balls (lubricant C) showed reduced RCF life in com-
parison with the tests conducted with steel lower balls. It can
be a result of higher stresses due to higher modulus of elas-
ticity of the ceramic balls. The surface observations of the
failed coated rolling-ek indicate that two possible wear
mechanisms are operational in the failure of these coatings,
i.e. delamination of the coating underneath the wear track
and surface wear due to the asperity contact. The friction
measurements indicate that there was marginal differences in
the magnitude of the frictional torque for the three lubricants.

in these coatings can be app das40 pm [Fig. 7(c)].
Most of these failures were parallel to the surface
[Fig. 7(b)]. This is mainly due to crack propagation in the
coating microstructure parallel to the surface. This may have
been caused by orthogonal shear-stress reversal underneath
the wear track. This is consistent with previous studies by the
authors [ 13]. Although the depth of orthogonal shear stress
reversal for coated rolling-elements will vary from the values
shown in Table 1, there is good agreement between the depth
of failure and indicated depth of stress reversal. Moreover,
most of the debris in the test lubricants had the thickness of
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Fig. 11. Debris on the planetary balls (BE!).

approximately 30 j=m, which is close to the depth of failure.
However, in rare cases, as indicated in Fig. 12, these debnis
can be much thicker, which can be related to the approximate
depth of maximum shear stress. The specific nature of thermal
spraying results in layers of the coating material parallel to
the surface. This microstructure contain pores and micro-
cracks not only within the individual layers, but also between
the layers. Orthogonal shear-stress reversal causes stress con-
centration in these pores and cracks. This results in crack
propagation parallel to the surface at the depth of orthogonal
shear stress reversal. These cracks emerge on the surface at
the edge of the wear track due to tensile stress at the edge of
the contact area. This results in a delamination of the coating
parallel to the surface of the wear track. The reason that

20 ings did not fail in del within th g
i can be explained by the shift of the depth of
the shear-stress I into the sut ial. Hencethe

substrate material is critical to the RCF performance. This
can be seen in Fig. 10(c), in which cracks arc visitle in the
substrate material. However, thinner coatings can suffer from
stress concentration at the interface, due to the difference in
the modulus of elasticity of the coating anrd the substrate
material. Since coating delamination at the interface was not
observed for the 20 um thick coatings it was appreciated that
the mechanical interlock at the interface and the compressive
residual stresses due to the difference in coefficient of thermal
expansion of the coating and substrate material resisted this
failure mechanism.

Surface wear of the coating due to the asperity contact can
be explained on the basis of the weak interlamellar strength
of the coating, as was seen by the generation of the cracks
during the hardness measurements and the peeling behaviour
of the coating (Figs. 4 and 5). It is possible that mixed and
boundary lubrication conditions during the tests conducted
with lubricants B and C resulted in adhesion of asperities.
The adhesion weld shear within the weak lamella structure
of the coating resulted in small pits on the surface of the wear
track. This is also evident from the presence of WC debris on
the surface of the plenary balls. The fact that in rare cases
some WC debris were present on the surface of the plenary
balls for the test lubricant A, where the fluid film thickness

Fig. 12. SEM observations of debris particie in lubricant B.

should prevent asperity contact, is thought to occur during
the start of the test, when the fluid film was not fully devel-
oped. However, there is also a possibility that these debris
were not a result a of adhesion, but debris produced during
the RCF test by other wear mechanisms, or delaminations
were embedded on the surface of the plenary balls due to the
higher hardness of the coating debris, by rolling between the
cup and the plenary balls.

The talysurf analysis of the wear track indicates plastic
deformation may be present at the edge of the wear track.
This could be due to the ductile nature of the coating and low
hard of the sub ial. F no mil i
studies were done t ine this beh This bet
was more prominent when the coatings were tested at higher
stresses, where large plastic deformations were observed at
the edge of the wear track, as indicated in previous studies
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by the authors [14). In general, it is seen that the substrate
hardness to support the coating, coating thickness to alter the
depth of orthogonal shear stress reversal and the lamellar
coating microstructure are important to the RCF performance
of the coatings. The surface wear at the wear track indicates
that the surface roughness and lubrication film, which can
alter the asperity contact behaviour, are critical to the per-
formance of these coatings. Studies were also made to inves-
tigate any oxidation effect of test lubricant C, but no such
evidence was found on the surface of the wear track. This can
be due to the high corrosive resistance of WC-Co coatings.

5. Conclusions

(1) Thinner coatings performed better, especially with ahigh
viscosity lubricant, and the coatings failure was a combina-
tion of surface wear and subsurface delamination.

(2) The coating wear is dep upon the coating thil

and tribological conditions during ih« test, which can be
attributed to the effects of film thickness and the variations
caused in the location of the shear stresses in the coated
rolling-elements for coatings with different thicknesses.

(3) Thick coatings delaminate from within the coating
microstructure parallel to the surface, and the delaminated
coating debris varied in thickness.
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