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bstract

ry sliding wear tests on 5 wt.% copper oxide doped yttria stabilized zirconia polycrystals (CuO–TZP) composite have been performed against
lumina, zirconia and silicon nitride countersurfaces at 600 ◦C. The influences of load and countersurface materials on the tribological performance
f this composite have been studied. The friction and wear test results indicate a low coefficient of friction and specific wear rate for alumina
nd zirconia countersurfaces at F  = 1 N load (maximum Hertzian pressure ∼0.5 GPa). Examination of the worn surfaces using scanning electron
icroscope/energy dispersive spectroscopy confirmed the presence of copper rich layer at the edge of wear scar on the alumina and zirconia

ountersurfaces. However, Si N countersurface sliding against CuO–TZP shows a relatively higher coefficient of friction and higher wear at 1 N
3 4

oad condition. These results suggest that the countersurface material significantly affect the behavior of the third body and self-lubricating ability
f the composite.

 2012 Elsevier Ltd. All rights reserved.

eywords: Y-TZP composite; Sliding wear; Tribology; Self-lubricating

s
t
m
fi
b

o
i
a
c
t
h
t
u

.  Introduction

Sliding friction is one of the oldest problems in the field of
ribology.1,2 It can deteriorate the surface properties of engineer-
ng materials used in moving mechanical systems which have to
e wear resistant under unlubricated sliding conditions. Self-
ubricating composites are particularly attractive for systems
here a high coefficient of friction damages the surface due to a
igh temperature.3,4 Study of their self-lubricating ability under

 variety of tribological conditions is of great importance.5,6

The self-lubricating performance of a ceramic composite
epends on the incorporated solid lubricant, test conditions (such
s load, sliding velocity, temperature and so on) and microstruc-
ures of mating and countersurface materials. The successful use
Please cite this article in press as: Valefi M, et al. Influence of countersurf
at 600 ◦C. J  Eur  Ceram  Soc  (2012), http://dx.doi.org/10.1016/j.jeurcerams

f self-lubricating ceramic composites requires an understand-
ng of their material properties and a knowledge of which solid
ubricant formulation is best for a chosen application. Issues
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uch as the mating counterpart material compatibility must be
aken into account during the design of a lubricated device or

oving mechanical assembly. Further, prediction of the coef-
cient of friction using mechanical models can contribute to a
etter design of self-lubricating ceramic composites.7

Godet8 introduced the concept of “third body” and its role
n the tribological behavior of sliding components. Many stud-
es in ceramics have confirmed the presence of a third body
nd its significant role on the tribological behavior under dry
ontact conditions.9–12 Although the presence of a deformable
hird body can results in low friction and wear,13 some studies
ave shown the formation of a transfer layer as well as abrasive
hird body in a ceramic contact limited their application under
nlubricated sliding conditions.14,15 Furthermore, several tribo-
ogical studies showed an influence of the countersurface on the
ehavior of third body.16,17 Ajayi and Ludema16 studied wear of
eramics sliding against dissimilar countersurfaces at room tem-
erature. They explain that a transfer film is formed due to the
ace materials on dry sliding performance of CuO/Y-TZP composite
oc.2012.07.025

trong reattachment of fine wear debris particles during sliding
hich may or may not occur on both mating tribopair surfaces.
he transfer film may be continuous or in islands and several

actors play a role in the formation of the transfer film.
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Yittria stabilized tetragonal zirconia polycrystals (3Y-TZP)
ossess excellent mechanical properties such as strength and
oughness, dimensional and chemical stability and wear resis-
ance. However, it shows poor wear behavior under high
emperature and dry sliding contact conditions.18,19 Several
esearchers have explored the feasibility of embedding a lubri-
ious oxide into the zirconia matrix.20–24 Kerkwijk et al.,20

nvestigated the influence of different solid lubricants on tri-
ological behavior of zirconia ceramic composites at room
emperature and concluded that only CuO improved the fric-
ional and wear behavior of zirconia. Ouyang et al.21 studied the
ear behavior of zirconia composite as a function of tempera-

ure. They found that addition of BaCrO4 significantly improves
ntermediate and high temperature wear resistance of zirconia
liding against alumina when compared to the undoped zirconia
eramics. However, they did not investigate the self-lubricating
bility of the zirconia composite when sliding against other
ountersurface materials.

The room temperature tribological performance of CuO–TZP
as been recently studied by Song et al.25 and they sug-
ested that CuO can contribute to the formation of a tribofilm
hile the CuO–TZP composite is sliding against an alumina

ountersurface. The self-lubricating behavior of CuO–TZP
omposite against the alumina countersurface at high tem-
eratures has also been investigated.26 At 600 ◦C and higher
emperatures, a smooth copper rich third body layer has been
ound which is formed at interface by plastic deformation
f wear debris and decrease the coefficient of friction. The
etails of the wear mechanism in CuO–TZP/alumina system
as been discussed elsewhere.26,27 It is not clear whether the
elf-lubricating performance of CuO–TZP varies with the coun-
ersurface materials used. There are only a few studies in
hich the role of the countersurface on high temperature tri-
ological performance of self-lubricating composites has been
nvestigated.28,29

In this research, dry sliding wear tests were carried out
t 600 ◦C in air using different countersurfaces and loads, to
nvestigate the role of countersurface material on the unlubri-
ated sliding behavior of CuO–TZP composite. The wear track
nd wear scar were examined using SEM/EDS and LSM to
nderstand the involved wear mechanisms when different coun-
ersurfaces are used.

.  Experimental  details

.1.  Material  preparation

Details on processing of CuO–TZP composites are described
n an earlier publication.23 CuO–TZP and Y-TZP discs were sin-
ered at 1500 ◦C for 8 h and 1400 ◦C for 2 h with a heating and
ooling rate of 2 ◦C/min, respectively. The sintered discs were
olished to a surface roughness (Ra) of <100 nm using a diamond
aste. To relieve surface residual stresses due to polishing, all the
Please cite this article in press as: Valefi M, et al. Influence of countersur
at 600 ◦C. J  Eur  Ceram  Soc  (2012), http://dx.doi.org/10.1016/j.jeurcerams

olished discs were annealed at 850 ◦C for 2 h. The sintered den-
ity was measured using the Archimedes method by immersion
n mercury.
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eramic Society xxx (2012) xxx–xxx

.2.  High  temperature  tribological  experiments  and
haracterization

Unlubricated sliding wear tests were performed on a ball-
n-disc type high temperature tribometer (CSEM, Neuchatel,
witzerland) at 600 ◦C in air. Commercial high purity alumina,
ilicon nitride and zirconia balls (GIMEX Technische Keramiek
.V., Geldermalsen, The Netherlands) of 10 mm in diameter
ere used as countersurfaces. Prior to the sliding tests, both

he ball and disc were ultrasonically cleaned with isopropanol
lcohol and rinsed with deionized water and then oven dried
t 120 ◦C for 24 h. All wear tests were performed at 600 ◦C
ith 1, 2.5 and 5 N loads, a velocity of 0.05 m/s, a radius of

he wear track of 10–12 mm, and a sliding distance of 1 km.
fter the sliding tests, the surfaces of both the ball and disc
ere examined by a confocal or interference microscope. The
ear volume of the discs was determined from wear track pro-
les obtained using confocal microscope. The wear volume was
alculated from the measured wear track width and depth. The
orn surface obtained at low load of 1 N was also analyzed with

nterference microscopy for comparison. The volume loss cal-
ulated was then normalized by dividing by the applied load and
he sliding distance to obtain the specific wear rate (k).

The Vickers hardness of the disc and ball materials was deter-
ined by a micro-indentation test at a load of 10 N and an

ndentation time of 10 s. Ten indentations were made and the
verage was used as the hardness. The fracture toughness was
btained using an indentation-strength method using the formula
iven by Anstis et al.30 More details about fracture toughness
easurements can be found in our previous work.27 Some of

he physical and mechanical properties of the materials used in
his study are listed in Table 1.

The worn surfaces were examined using a scanning electron
icroscope (JEOL, JSM6400 and JCM5000, Japan) equipped
ith energy dispersive spectrometer (EDS) and a laser scanning
icroscope (LSM) (Keyence VK-9700K, Japan).

. Results

.1.  Friction  and  wear  data  of  CuO–TZP  sliding  against
ifferent countersurfaces

The coefficient of friction (COF) data for undoped TZP and
oped CuO–TZP are compared in Table 2, for different applied
oads. With increasing load, the COF increased slightly when
lumina and zirconia countersurfaces were used, while Si3N4
id not show any increase. All countersurfaces showed a reduc-
ion in COF when tested against CuO–TZP discs as compared
o undoped TZP. The highest reduction was seen with alumina.
t is clear from this table that the mean steady state COF for
uO–TZP/Si3N4 tribopair at all loads is the highest whereas
uO–TZP/alumina and CuO–TZP/zirconia tribopairs show rel-
face materials on dry sliding performance of CuO/Y-TZP composite
oc.2012.07.025

tively lower COF values under similar test conditions. At a
oad of 1 N, the COF for CuO–TZP/alumina is the lowest and
or CuO–TZP/zirconia lies in between CuO–TZP/alumina and
uO–TZP/Si3N4. However, at higher loads of 2.5 N and 5 N, the

dx.doi.org/10.1016/j.jeurceramsoc.2012.07.025
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Table 1
Physical and mechanical properties of the counterface materials and CuO–TZP disc material.

Properties Al2O3 ball26 Si3N4 ball ZrO2 ball CuO–TZP disc26

Density (g/cm3) 3.96 3.18 5.84 5.81
HV (GPa) 20 ± 0.8 17.3 ± 0.4 12.7 ± 0.1 9.5 ± 0.5
E (GPa) 320 310 210 205
CLA surface roughness (nm) 15 15 25 25

F ½ 5 ± 0.5 4.2 ± 0.2 3.5 ± 0.2
T 20 2.2 3.4
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Fig. 1. 2D surface profile of wear tracks, as acquired using confocal LSM (a)
against silicon nitride, (b) against zirconia, and (c) against alumina (F = 1 N,
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racture toughness (MPa m ) 3.4 ± 0.4 

hermal conductivity (W m K−1) 13 

OF for CuO–TZP/alumina and CuO–TZP/zirconia tribopairs
re nearly the same.

The specific wear rate (k) of the different tribopairs are shown
n Table 3 which also lists initial maximum Hertzian pressure
pmax), flash temperature (Tf) and tensile stresses (σmax). The
uO–TZP disc shows very small specific wear rates when slid-

ng against alumina and zirconia countersurfaces at F  = 1 N
Table 3). However, at same load the specific wear rate of
uO–TZP when in contact with Si3N4 is about 2–3 orders of
agnitude higher. These data clearly suggest that the countersur-

ace material plays a significant role. With increasing load, the
ear rate in CuO–TZP discs increases in all cases, with Si3N4

s countersurface exhibiting the least and zirconia the highest
ncreases. Additionally, the specific wear rate data indicate a

ild to severe transition with applied load, when CuO–TZP is
liding against alumina and zirconia countersurface balls. This
ransition with increasing load is consistent with observations in
iterature on wear of ceramics.19,24,31–33

.2.  Observation  of  worn  surfaces  at  low  loads

Fig. 1 shows the wear track profiles of CuO–TZP sliding
gainst different countersurfaces at F  = 1 N obtained using con-
ocal LSM. It is clear that CuO–TZP becomes relatively rough
hen sliding against Si3N4, whereas sliding against zirconia

nd alumina as countersurfaces results in relatively smooth sur-
aces. This observation confirms the highest COF measured for
uO–TZP/Si3N4 tribopair (Table 2).

The wear tracks and unworn surface of CuO–TZP slid-
ng against different countersurfaces at F  = 1 N, 600 ◦C were
xamined using SEM. Compared to unworn surface, the worn
urface of CuO–TZP sliding against Si3N4 shows a rough fea-
Please cite this article in press as: Valefi M, et al. Influence of countersurf
at 600 ◦C. J  Eur  Ceram  Soc  (2012), http://dx.doi.org/10.1016/j.jeurcerams

ure indicating a severe wear phenomena. In contrast, CuO–TZP
eveals a relatively smooth surface when it is sliding against
irconia. A similar observation has been recently reported
or CuO–TZP/alumina by authors.26 Micrograph 2a indicates

w
f
C
t

able 2
oefficient of friction (COF) for undoped and CuO doped TZP discs tested at different

isc Y-TZP CuO–TZP 

ounterface 1 N 2.5 N 5 N 1 N 

luminaa 0.7 ± 0.03 0.78 ± 0.01 0.79 ± 0.01 0.35 ± 0.05 

irconia 0.79 ± 0.02 0.8 ± 0.02 0.82 ± 0.02 0.44 ± 0.04 

i3N4 0.76 ± 0.02 0.7 ± 0.02 0.75 ± 0.01 0.65 ± 0.04 

a Data taken from Valefi et al.26
 = 0.05 m/s, and T = 600 ◦C).

ines due to polishing and porosity on the unworn surface.
ig. 2b indicates that microfracture as well as spalling and
ragmentation of grains occur on the surface of CuO–TZP
liding against Si3N4. CuO–TZP wear tracks sliding against
irconia and alumina appear smooth indicating formation of

 smooth thin film as well as plastic deformation of the sur-
ace layer (Fig. 2c and d). Although both these tracks appear
mooth, CuO–TZP/alumina tribopair indicate presence of sub-
icron wear particles entrapped in the pores (Fig. 2d) while
uO–TZP/zirconia did not (Fig. 2c).

Fig. 3 illustrates the worn surfaces of different countersur-
ace materials after sliding against CuO–TZP at T  = 600 ◦C and
t different applied loads. The following features are observed
hen comparing the worn surfaces of the different countersur-
ace materials on dry sliding performance of CuO/Y-TZP composite
oc.2012.07.025

aces tested at a low load of 1 N. During sliding, debris from the
uO–TZP disc is transferred and adhered to the Si3N4 coun-

ersurface contact interface which makes the wear scar surface

 applied loads with different counterface materials(T = 600 ◦C and v = 0.05 m/s).

Reduction in COF due to CuO (%)

2.5 N 5 N 1 N 2.5 N 5 N

0.53 ± 0.01 0.56 ± 0.01 50 32 29
0.54 ± 0.01 0.54 ± 0.02 44 32 35
0.69 ± 0.02 0.65 ± 0.04 14 1 13

dx.doi.org/10.1016/j.jeurceramsoc.2012.07.025
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Table 3
Maximum Hertzian contact pressure (pmax), flash temperature (Tf), tensile stresses (σmax) and specific wear rate (k) data for CuO–TZP discs sliding against balls of
different countersurface materials at T = 600 ◦C.

Countersurface material F (N) pmax (GPa) Tf (◦C) Tensile stress (σmax) (GPa) k (×10−6) (mm3 N−1 m−1)

Alumina 1 0.52 695 0.37 0.4 ± 0.005
2.5 0.71 743 0.73 305 ± 15
5 0.89 751 0.96 390 ± 5

Si3N4 1 0.54 725 0.665 19.2 ± 1
2.5 0.74 732 0.96 22.8 ± 2
5 0.93 732 1.15 91.5 ± 5

Zirconia 1 0.47 930 0.41 0.6 ± 0.002
2.5 0.63 1051 0.66 330 ± 20

34 0.82 1080 ± 40

a
(
r
u
g
i
c
m
o
c
c

C
w
a

Table 4
Scar diameter (D) and specific wear rate (k) of different counterface balls slid-
ing against CuO–TZP discs at T = 600 ◦C with an applied load of 1 N and
v = 0.05 m/s.

Counterface material Dscar (�m) k (×10−6) (mm3 N−1 m−1)

Si3N4 800 ± 20 4
ZrO2 350 ± 20 0.15
A

w

F
(

5 0.8 10

ppear rough (Fig. 3a). However, the wear scars on zirconia
Fig. 3d) and alumina (Fig. 3g) countersurface balls appear flat,
elatively smaller in diameter and the wear debris are piled
p at the leading edge of countersurface wear scar. This sug-
ests that a smooth layer is formed at the interface and sheared
n further sliding which is accumulated at the leading edge of
ountersurface contact area. The wear scar diameter of the alu-
ina countersurface was smaller than the other two. An analysis

f the wear tracks and wear scar dimensions using the confo-
al LSM also indicated a smaller dimension for the alumina
ountersurface.
Please cite this article in press as: Valefi M, et al. Influence of countersur
at 600 ◦C. J  Eur  Ceram  Soc  (2012), http://dx.doi.org/10.1016/j.jeurcerams

To evaluate the wear of different countersurface balls against
uO–TZP, wear scar diameter as well as specific wear rate of
orn balls were measured and presented in Table 4. Although

lumina and zirconia countersurfaces show mild wear (k  < 10−6)

s

r
s

ig. 2. Higher magnification SEM micrographs of CuO–TZP (a) unworn surface an
F = 1 N, T = 600 ◦C and v = 0.05 m/s) arrows show the sliding direction.
l2O3 200 ± 30 0.027

hen sliding against CuO–TZP at F = 1 N, with Si3N4 a higher
pecific wear rate of two orders of magnitude is obtained.
face materials on dry sliding performance of CuO/Y-TZP composite
oc.2012.07.025

In order to find out the composition of the transferred mate-
ial on the countersurfaces, EDS analyses were performed. Fig. 4
hows the elemental compositional maps of the transfer layer on

d worn surfaces after sliding against, (b) Si3N4, (c) zirconia and (d) alumina

dx.doi.org/10.1016/j.jeurceramsoc.2012.07.025
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Fig. 3. SEM micrographs of different countersurfaces sliding against CuO–TZP at different loads (T = 600 ◦C and v = 0.05 m/s); Si3N4: (a) 1 N, (b) 2.5 N, (c) 5 N;
zirconia, (d) 1 N, (e) 2.5 N, (f) 5 N; alumina, (g) 1 N,26 (h) 2.5 N, and (i) 5 N (arrows show the sliding direction).

dx.doi.org/10.1016/j.jeurceramsoc.2012.07.025
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Fig. 4. EDS composition analysis of wear scar on Si3N4 ball sliding against CuO–TZP disc at T = 600 ◦C, F = 1 N and v = 0.05 m/s; (a) backscatter SEM image of
E  N dis
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DS-mapped area, (b) Si distribution, (c) O distribution, (d) Zr distribution, (e)

he Si3N4 countersurface sliding against CuO–TZP at F  = 1 N.
he results indicate zirconia transfer to the Si3N4 countersur-

ace. Fig. 5 shows the EDS analysis performed on the zirconia
ountersurface ball after sliding against the CuO–TZP disc at

 = 600 ◦C, F  = 1 N. The transfer layer adhering to the edge of
ear scar primarily consists of copper. There is no zirconium

ound in the transfer layer. A similar observation was made
hen analyzing the wear scar on the alumina countersurface ball,
herein the transfer layer consisted of copper with zirconium
eing absent.26

.3.  Observation  of  worn  surfaces  at  higher  loads

Fig. 3 shows also the SEM images of the worn surfaces of
he different countersurface balls tested at applied loads of 2.5 N
nd 5 N. In case of Si3N4 with increasing load the wear scar
ize also increased and the shape was elliptical (Fig. 3b and
Please cite this article in press as: Valefi M, et al. Influence of countersur
at 600 ◦C. J  Eur  Ceram  Soc  (2012), http://dx.doi.org/10.1016/j.jeurcerams

). However, the amount of adhered zirconia, transferred from
he CuO–TZP disc, decreased and a slight pile up of debris at
he leading edge was seen. This transfer layer became less sta-
le and adherent to the countersurface as the load is increased.

m
i
5

tribution, and (f) Cu distribution.

s discussed earlier, both alumina and zirconia show a smooth
ear scar when the applied load is 1 N. However, when the load

s increased (F  > 1 N), both countersurfaces became rough and
he wear scar is more rectangular than elliptical (Fig. 3e, f, h
nd i). The zirconia countersurface was worn the most at higher
oads. In order to examine the composition of the transfer layer
t a higher load of 5 N, EDS analysis was performed on the
i3N4 countersurface wear scar after coating with gold (Fig. 6).
oth regions with and without the transfer layer were analyzed

Fig. 6a). The EDS spectra (Fig. 6b) clearly indicate that the
ransfer material consists of Cu and Zr originating from the
isc.

SEM micrographs of the wear tracks on CuO–TZP discs
liding against Si3N4 and zirconia countersurfaces at 600 ◦C
nd F  = 5 N are shown in Fig. 7. The results of wear track
roduced by alumina countersurface are shown in our earlier
ublication.26 These micrographs clearly indicate that third
ody abrasive wear as well as microfracture are dominant
face materials on dry sliding performance of CuO/Y-TZP composite
oc.2012.07.025

aterial removal mechanisms for the CuO–TZP disc when
t is sliding against all countersurfaces at a high load of

 N.

dx.doi.org/10.1016/j.jeurceramsoc.2012.07.025
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F gainst
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ig. 5. EDS composition analysis of the transfer layer on zirconia ball sliding a
f EDS-mapped area, (b) O distribution, (c) Cu distribution, and (d) Zr distribu

.  Discussion

The results presented in this study clearly indicate the feasi-
ility of CuO–TZP self-lubrication, which can be controlled by
he choice of the countersurface. It is well known that a proper
election of countersurface for a specific tribological condition
Please cite this article in press as: Valefi M, et al. Influence of countersurf
at 600 ◦C. J  Eur  Ceram  Soc  (2012), http://dx.doi.org/10.1016/j.jeurcerams

s crucial.29,34 The key feature in obtaining self-lubrication
s the formation of a lubricious stable third body. The third

ig. 6. SEM/EDS analysis of silicon nitride sliding against CuO–TZP at
 = 600 ◦C, F = 5 N and v = 0.05 m/s; (a) wear scar at higher magnification indi-
ating regions chosen for EDS analyses, EDS spectra of (b) transferred material
left) and (c) Si3N4 (right).
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(

 CuO–TZP at T = 600 ◦C, F = 1 N and v = 0.05 m/s; (a) backscatter SEM image

ody formation and its performance appear to depend on
ountersurface materials as well as contact conditions. Further,
t is important to recognize when a mild to severe wear transition
ill occur when different countersurfaces are used.

.1. Wear  mechanism

The Si3N4 countersurface behaves quite differently than alu-
ina or zirconia countersurfaces when sliding against CuO–TZP

t 1 N load. It is worth recalling our earlier results of alumina
ountersurface sliding against Y-TZP and CuO–TZP (Fig. 6 of
ef.26) at similar test conditions of F  = 1 N, T  = 595 ◦C, wherein

he countersurface had a smooth wear scar when sliding against
uO–TZP and a very rough surface when sliding against Y-TZP.
ddition of CuO reduced the COF by almost 50% (Table 2). A

opper rich third body layer is formed at the contact interface,
heared and transferred to alumina (Fig. 7 of Ref.26) or zirconia
Fig. 5) countersurfaces. The mechanism of formation of copper
ich layer at the contact interface has been detailed and presented
chematically (Figure 12 in26) in our previous publications.26,27

his layer provides lubrication and reduces the COF (Table 2)
nd specific wear rate (Table 3). It has also been shown that
ormation of copper rich layer at the contact interface depends
n the contact condition such as load and temperature. Above

 N load the copper rich layer is unstable and the dominant wear
echanisms are abrasive wear and delamination of CuO–TZP

26
ace materials on dry sliding performance of CuO/Y-TZP composite
oc.2012.07.025

liding against alumina. Such a copper rich layer is not formed
n the wear track even at 1 N load while a Si3N4 countersurface
s sliding against CuO–TZP as revealed by the EDS analysis
Fig. 4). Instead, zirconia is transferred from the CuO–TZP disc

dx.doi.org/10.1016/j.jeurceramsoc.2012.07.025
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ig. 7. SEM micrographs of CuO–TZP disc sliding against (a) Si3N4 and (b)
irconia; F = 5 N, T = 600 ◦C and v = 0.05 m/s (arrows show the sliding direction).

o the contact region and adheres to the Si3N4 countersurface.
his results in higher COF and wear due to increase in sur-

ace roughness of the tribopair. During the sliding process, this
ayer repeatedly appears to break and build again. This is evident
Please cite this article in press as: Valefi M, et al. Influence of countersur
at 600 ◦C. J  Eur  Ceram  Soc  (2012), http://dx.doi.org/10.1016/j.jeurcerams

rom the COF versus sliding distance plots, which showed grad-
al shallow peaks (Fig. 8, plot a). The confocal LSM analyses
f the wear track (Table 3) and wear scar (Table 4) dimensions
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nd SEM micrographs (Fig. 3a, d, and g) indicate that the wear
n CuO–TZP/Si3N4 tribopair was larger than in the other two
ribopairs at a load of 1 N.

According to Fig. 8, at 1 N load Si3N4/CuO–TZP tribopair
hows the highest initial and steady state COF. The higher COF
esults in an increase of the maximum principal tensile stress
σmax) at the contact surface, which enhances crack formation
nd wear debris formation. The maximum tensile stresses at the
ontact interface imposed by friction are calculated as follows35:

max =
(

6P

R2

)1/3
(

1 −  ν2
1

E1
+ 1 −  ν2

2

E2

)−2/3

×
[

1 −  2ν2

3
+ 4 +  ν2

8
πμ

]
(1)

hereas subscript 1 represents the ball and subscript 2 repre-
ents the disc, P is the applied load, E  is Young’s modulus, ν

oisson ratio, R is the radius of the ball and μ  the coefficient
f friction. The values of tensile stresses are given in Table 3.
he tensile stresses are 1.6–1.8 times higher when Si3N4 is used
s countersurface compared to zirconia or alumina. In addition,
he initial tensile stresses are much higher for CuO–TZP/Si3N4
ribopair according to Fig. 8. Based on the calculated tensile
tresses (Table 3) and the formation of zirconia transfer layer
Fig. 4), it is most likely that more zirconia debris are formed
n addition to copper rich phase, in case of Si3N4 at the early
tage. A short sliding distance test (7 m) was performed with
oth alumina and Si3N4 countersurfaces, before reaching to a
teady state COF. The EDS analysis (the results are not shown
ere) on the accumulated debris ahead of Si3N4 countersurface
ontained mostly zirconium. On the other hand, wear debris
head of alumina countersurface found to be copper rich. These
esults suggest that in the case of Si3N4 countersurface, fine wear
ebris which contains more zirconia are compacted at the inter-
ace, shear and adhere to countersurface (Fig. 4) under favorable
ontact conditions of high temperature and contact pressure.
herefore, a stable copper rich third body could not be formed
nd the resulting third body mainly consisted of zirconia.

Ajayi and Ludema16 showed that an oxide layer will adhere
o another oxide surface rather than on to a non-oxide sur-
ace. However, our observation indicates that zirconia adheres
o Si3N4 countersurface. It has been reported in literature that
riboxidation of Si3N4 tribopair is most likely at the sliding inter-
ace under different test conditions.36–39 In all these studies, EDS
echnique has been employed in the elemental composition anal-
ses. All suggest the formation of silicon oxide as a possibility
nly, from somewhat a higher oxygen content observed on a sur-
ace layer. In order to study the interaction of Si3N4 with zirconia
nd possible oxidation of Si3N4, different analysis methods such
s XRD, SEM/EDS, Raman spectroscopy as well as micro-FTIR
ere performed on the wear debris, wear tracks of CuO–TZP

nd Si3N4 countersurface. We could not detect the presence of
face materials on dry sliding performance of CuO/Y-TZP composite
oc.2012.07.025

ilica from the analysis of wear debris using XRD. XRD and
aman spectroscopy analyses on debris reveal only the pres-
nce of zirconia. These observations suggest that the amount of
ilica phase if at all present, is below detection limit of these

dx.doi.org/10.1016/j.jeurceramsoc.2012.07.025
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ent contact loads. It is well known that a transition from mild
to severe takes place for ceramics when the specific wear rate
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nalyzes. Further, micro-FTIR analysis on the unworn and the
orn scar of Si3N4 ball did not indicate any formation of any
i O bond. According to EDS analysis results shown in Fig. 6b
nd c, oxygen peak is present on the worn scar of Si3N4. As
xpected, the peak intensity is relatively higher from zirconia
ransfer layer (Fig. 6b) as compared intensity from a region free
f such a layer (Fig. 6c), both locations being within the wear
car (Fig. 6a). However, transfer of zirconia to Si3N4 makes it
mpossible to detect oxygen peak corresponding to silicon oxide
lone. On the other hand, the possibility of silica formation can-
ot be ruled out due to a high contact temperature (Table 3) and
he presence of oxygen rich zirconia at the contact area. It has
een shown that in the self-mated Si3N4 when the temperature is
ncreased above 300 ◦C, the oxidation rate of Si3N4 is enhanced
ith increase in temperature at the contact surface.39 Based on

he calculated flash temperature (Table 3), a partial oxidation
f Si3N4 is likely to occur at the contact interface. The formed
ilica layer will be soft due to high temperature at the interface
nd can easily embed zirconia debris. This will increase the sur-
ace roughness of countersurface resulting in highest COF as
hown in Fig. 8. Presence of silica at the interface will facili-
ate adherence of zirconia to the Si3N4 countersurface which is
n agreement with observation in literature that oxide to oxide
ontact can form more coherent and stable transfer layer.16 How-
ver, when the contact stresses are high, the transfer film may be
roken due to its limited load-bearing ability. It is not clear why
uO debris do not stick to the presumed silica layer formed on

he Si3N4 countersurface and produce a copper rich third body
s seen with zirconia and alumina countersurfaces. In Fig. 9, an
ttempt has been made to illustrate the above wear mechanism.

.2. Mild  and  severe  regimes

Though this work in primarily focused on studying the mild
ear regime, wear tests have also been conducted at severe

onditions. The SEM micrographs of wear scars of the coun-
ersurfaces (Fig. 3) and the wear tracks (Fig. 7) indicate that the
ear in CuO–TZP/Si3N4 tribopair is different. At higher loads
f 2.5 N and 5 N, the wear scars (Fig. 3b and c) are elliptical and
ontain islands of transfer layer of zirconia while the wear tracks
Fig. 7b) show deep grooves probably caused by the ploughing
ction of the wear debris at the contact interface. The surfaces
f zirconia (Fig. 3e and f) and alumina (Fig. 3h and i) coun-
ersurfaces indicate the wear scar to be rectangular shaped with
he short side lying along the sliding direction and a very rough

orphology. Under these circumstances, debris act as an abra-
ive third body and result in an increase in wear rate. In these
ases, the lubrication effect of copper oxide rich third body will
e overwhelmed by the abrasive action of the harder debris.

According to Table 3, the specific wear rate increased as the
oad is increased for all the countersurfaces. This is consistent
ith results quoted in literature.31,32,40 It is clear from the spe-

ific wear rate data that CuO–TZP shows the highest specific
Please cite this article in press as: Valefi M, et al. Influence of countersurf
at 600 ◦C. J  Eur  Ceram  Soc  (2012), http://dx.doi.org/10.1016/j.jeurcerams

ear rate at 5 N against zirconia and a significantly lower wear
ate against Si3N4. The low thermal conductivity of zirconia
Table 1) results in a higher flash temperature as compared to
he other countersurfaces (Table 3). As a result of higher flash

F
e

ig. 9. Schematic representation of the wear mechanism of CuO–TZP compos-
te in different stage of sliding process against Si3N4.

emperature, more thermal stresses are imposed to the sliding
urface. The combinations of mechanical and thermal stresses
ill generate more wear debris, which will act as an abrasive

hird body.
Based on results of this study, tribological performance of

uO–TZP systems can be altered by choice of countersurface
sed. Fig. 10 shows the wear mode of CuO–TZP composite
ace materials on dry sliding performance of CuO/Y-TZP composite
oc.2012.07.025

Coeff icient of  friction  (-)

ig. 10. Wear transition diagram of CuO–TZP composite sliding against differ-
nt countersurfaces (T = 600 ◦C and v = 0.05 m/s).
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alue is more than 10−6.31 In this figure, the solid line indicates
he transition from mild to severe. It is clear from this figure
hat CuO–TZP shows mild and severe wear depending on tri-
ological conditions. In mild wear regime, the wear mechanism
s dominated by the self-lubricating ability of this composite.
his results in low COF and less wear in case of alumina and
irconia countersurfaces. However, the lack of a lubricant layer
esults in severe wear when Si3N4 countersurface is used. All
he countersurfaces result in severe wear as the contact load is
ncreased. The selection of countersurface should be such that a
ubricious third body forms between the contacting bodies and
rotect the materials from severe wear.

. Conclusions

In the present study to evaluate dry sliding wear performance
f CuO–TZP at 600 ◦C using a ball on disc test configuration,
he results indicate that addition of CuO to TZP reduces the
OF for different countersurfaces. Alumina and zirconia coun-

ersurfaces showed a mild to severe wear transition as the load
s increased. For mild wear sliding contact applications using
uO–TZP at 600 ◦C, both alumina and zirconia countersur-

aces are suitable as they show low COF and specific wear rates
k < 10−6). Si3N4 is unsuitable as countersurface material for
liding against CuO–TZP due to transfer of zirconia and lack
f presence of copper rich third body at the sliding interface.
lumina may perform marginally better than zirconia as coun-

ersurface material. For a stable lubricious third body formation,
oth countersurface and disc material must be compatible with
he chosen solid lubricant.
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