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Abstract

Results of wear tests using an alumina ball sliding against 5 wt% copper oxide doped tetragonal zirconia polycrystalline (CuO-TZP) ceramics are
reported as a function of temperature up to 700 °C. The specific wear rate and friction coefficient are strongly dependent on temperature. Below a
critical temperature (7'< 600 °C), CuO-TZP showed a high coefficient of friction as well as a high wear rate. This was ascribed to the formation
of a rough surface, caused by brittle fracture and abrasive wear, based on observations by scanning electron microscopy (SEM), laser scanning
microscopy (LSM) and X-ray photoelectron spectroscopy (XPS). However, above 600 °C a self-healing layer is formed at the interface and results
in low friction and wear. The mechanism of layer formation and restoration is discussed and rationalized by onset of plastic deformation caused

by a reduction reaction of CuO to Cu,O at high temperatures.
© 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

The surface of a component can undergo degradation due to
interaction with the environment or by a countersurface. Surface-
healing materials are a special class of novel smart materials,
which have the ability of repairing damage imposed by friction
and wear.!?> Several research efforts have been made to under-
stand the different healing mechanisms of biological systems
and it is tried to mimic these techniques in state-of-the-art mate-
rial systems. For instance, bone healing is an example showing
that, after significant damage, not only the human biological
systems can return to full functionality, but also the initial struc-
ture is completely restored.? Contrary to healing mechanisms in
other tissues, which are repaired by producing scar tissue, bone
has the ability to regenerate itself and therefore returns to its
pre-fracture state.
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Structural ceramics are used in several tribological applica-
tions since they possess unique properties, like resistance to
wear and corrosion under high temperature conditions. Among
them, yttria stabilized zirconia (3Y-TZP) has the highest fracture
toughness. Basically, microfracture is the dominant wear mech-
anism when ceramic components operate under sliding contact
conditions.*® Thus, in principle, it is expected that a higher
fracture toughness enhances the wear resistance of ceramics.
Despite the outstanding mechanical properties of 3Y-TZP, inves-
tigations of wear and friction of this material have revealed that
it has a high friction coefficient under dry sliding conditions at
high temperatures.”"'? Since liquid lubricants are not stable at
higher temperatures, solid lubricants are currently used to reduce
friction and wear when two ceramic surfaces are brought into
contact. If the interface between two contacting ceramics con-
tains a solid lubricant, the material can resist the stresses imposed
by sliding motion. Although a solid lubricant film can reduce the
friction coefficient and wear rate, removal of the layer itself by
wear can be a problem. To increase the life time of the component
and to avoid surface damage, a self-lubricating ceramic compos-
ite material consisting of a hard ceramic matrix and a supply of
a solid lubricant embedded into the ceramic matrix is desirable.
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Table 1
Mechanical properties of materials used.'®

M. Valefi et al. / Journal of the European Ceramic Society 32 (2012) 2235-2242

Material Hardness (GPa) Elastic modulus (GPa) Fracture toughness (MPa m'/2) Grain size (pm)
Alumina 19.5 £ 0.9 320 33+04 5+0.5
CuO-TZP 9.3+ 0.7 205 34 +£03 24+02

It is expected that stresses associated with sliding contact trig-
ger the deformation of the solid lubricant and the formation of
a friction reducing layer at the interface between the ceramic
and the counter surface. This layer can be worn away during
further sliding but it is regenerated by the composite material in
the sliding contact.

There is an ongoing demand for developing high-temperature
self-lubricating materials that satisfy the requirement of mechan-
ical systems functioning under severe conditions, such as
advanced engines that require increasingly high working tem-
peratures (at 600 °C or even 1000 °C) and a long lifetime.!!~14
In a previous paper a mechanical model has been described pre-
dicting the thickness of a lubricant layer in a self-lubricating
ceramic composite materials during dry sliding tests.'> Further,
it has been shown that the wear behaviour of CuO-TZP sliding
against alumina depends on load and temperature.'® At room
temperature the formation of an aluminium hydroxide layer
results in reduced friction and wear rate.!” At intermediate tem-
peratures (25 °C<T<600°C), CuO-TZP shows a rather high
coefficient of friction, while at 600 °C it exhibits a friction coef-
ficient of 0.35 and the specific wear rate of a value less than
107®mm?/Nm. A detailed SEM/EDS and XPS analysis have
been performed on the wear track to elucidate the wear mech-
anism at 600 °C for Y-TZP and CuO-TZP.!® The results reveal
that CuO-TZP has a lower friction and wear rate below a critical
load at 600 °C as compared to Y-TZP. However, investigation of
the wear mechanisms of CuO-TZP at intermediate temperatures
and temperature higher than 600 °C have not been reported yet.

In the work, described in this paper, wear of CuO-TZP
at intermediate temperatures as well as 600°C and 700°C
are investigated by using laser scanning microscopy (LSM),
SEM/EDS and XPS. The main objective of this paper is to
acquire a better understanding of the copper-rich phase and
its influence on wear behaviour of CuO-TZP at intermediate
temperatures as well as above 600 °C. Eventually the following
questions will be addressed: Is a self-healing layer formed at all
temperatures and is a low friction and wear rate obtained when
CuO is added to TZP sliding against alumina?

2. Experimental
2.1. Material preparation

3Y-TZP (3 mol% yttria-doped tetragonal zirconia polycrys-
tals: TZ3Y, Tosoh, Tokyo, Japan) and CuO (Aldrich, Steinheim,
Germany) have been used as starting materials. Details on
preparation are described elsewhere.!® In short to obtain 5 wt%
CuO-TZP, appropriate amounts of CuO and 3Y-TZP were
mixed and ball milled in ethanol for 24 h using high purity

zirconia balls. The milled slurry was dried at 120 °C for 24 h. The
dried cake was ground in a mortar and sieved through a 180 pwm
sieve. The powder was uniaxially pressed into discs and sub-
sequently cold isostatically pressed at 400 MPa. Samples were
then sintered at 1500 °C for 8 h with a heating and cooling rate
of 2 °C/min.

The sintered density was measured by immersion in mercury
using the Archimedes method. The sintered discs were polished
to a surface roughness (R,) of <100 nm using a diamond paste. To
remove the contaminants and to release residual surface stresses,
all the polished discs were annealed at 850 °C for 2 h.

2.2. High temperature tribological experiments and
characterization

High temperature tribological experiments were conducted
using the ball on disc configuration on a pin-on-disc tribometer
(CSEM, Neuchatel, Switzerland) capable of heating to 800 °C.
Commercial high purity alumina balls with mirror-polished sur-
faces (GIMEX Technische Keramiek B.V., Geldermalsen, The
Netherlands) and diameter of 10 mm were used as a counter
surface. Before the sliding tests, both ball and disc were ultra-
sonically cleaned with isopropanol, rinsed with deionized water

Zr
0
ch 2 G
0.000 keV

Fig. 1. (a) SEM micrograph of polished and thermally etched sintered CuO-TZP
and (b) the corresponding EDS.
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Fig. 2. 3D surface topography of CuO-TZP sliding against alumina using laser scanning microscopy; (a) before wear test and wear tracks, (b) at 200 °C, (c) at 400 °C

and (d) at 600°C (F=1N, v=0.05m/s).

and oven dried at 120°C for 24 h. All tests were done with
1N load (corresponding to an initial maximum Hertzian con-
tact pressure of 0.52 GPa), a velocity of 0.05 m/s, a radius of the
wear track 10—12 mm, a sliding distance of 1 km and test tem-
peratures of 200, 400, 600 and 700 °C. All tests were performed
three times. The amount of wear from the discs was determined
by measuring the mass of the samples before and after the tests
on a balance with a resolution of 0.01 mg. For a sample with
negligible mass loss, interference microscopy has been used to
determine the wear volume. The mass difference was then nor-
malized by dividing the volume loss by the applied load and the
sliding distance to gain the specific wear rate.

The Vickers hardness of the disc material was determined by a
microindentation test at a load of 10 N and an indentation time of
10 s. Ten indentations were made and the average was taken. The
fracture toughness was obtained using an indentation-strength
method using the formula given by'®:

0.016(E/H)'/*P
Ie = T (1)

where E is the elastic modulus, H is the Vickers hardness, P
the load and c is the crack length measured from the centre
of indent to the crack tip. The applied load was 98 N with an

indentation time of 10s. An elastic modulus value of 205 GPa
was calculated using the rule of mixture for CuO-TZP
(Etzp=210.% Ecyo = 125%9).

Since indentation fracture toughness is not an absolute value,
this method gives relative information about fracture toughness
of the two materials investigated in this work. Some mechanical
properties of the materials used are summarized in Table 1.

Worn surfaces were examined by scanning electron
microscopy (JEOL, JSM6400, Japan) equipped with an energy
dispersive spectroscope (EDS). The surface topography was
analysed by laser scanning microscopy (LSM), (Keyence VK-
9700K, Japan) while chemical changes were detected by XPS
(Model Quantera SXM, Physical Electronics, USA, using A1 K,
(1486.6 eV) excitation source with monochromator).

3. Results

Fig. 1a shows the microstructure of a polished and thermally
etched surface of 5 wt% CuO-TZP disc sintered at 1500 °C. The
material shows an average grain size of 2 wm using the Mendel-
son method.?! Furthermore, EDS analysis (Fig. 1b) revealed
that both zirconium and copper are present in the material. Ran
et al.,'® who prepared identical ceramics in the same way as
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Fig. 3. SEM micrographs of CuO-TZP sliding against alumina (¥ =1 N, v=0.05m/s). (a) The unworn surface and worn surfaces; (b) at 200 °C, (c) at 400 °C, (d) at

600 °C, and (e) at 700 °C (arrows indicate the sliding direction).

Table 2
Specific wear rate of CuO-TZP as a function of temperature.

Temperature (°C) Coefficient of Specific wear rate
friction® (x107% mm?3/N m)

200 0.85 £ 0.02 1100 £ 20

400 0.71 £+ 0.01 1900 + 36

600 0.35 &+ 0.05 0.43 £ 0.005%

700 0.39 £+ 0.01 0.18 £+ 0.009

2 Data taken from Valefi et al.'®

described in this paper, observed by TEM that copper oxide
is present in CuO-TZP system. The sintered CuO-TZP has
a relative density >97% and an average Vickers hardness of
9.3£0.7GPa.

Table 2 shows the coefficient of friction as well as specific
wear rate data of CuO-TZP at different temperatures under
an applied load of 1N at a sliding speed of 0.05m/s. The
CuO-TZP composite reveals a high friction coefficient at 200
and 400 °C; however beyond 600 °C the composite shows a
significantly lower coefficient of friction. At 200 °C, the wear
rate of CuO-TZP is 1100 x 1075 mm3/N m. At 600 °C, the wear

rate (0.43 x 10~® mm3/N m) is 34 orders of magnitude lower
than at 200 °C and 400 °C. This clearly indicates that the tem-
perature has a strong influence on the wear behaviour of the
CuO-TZP disc material. Although a few studies have shown
low wear rates for self-lubricating zirconia composites at high
temperatures (e.g. 800 °C),”*> CuO-TZP results in a lower wear
rate at relatively lower temperatures.

The 3D profile images of the disc material before and after
sliding tests against an alumina ball at different temperatures are
shown in Fig. 2. The CuO-TZP disc shows a smooth surface after
polishing (Fig. 2a). Analysis of the measurement reveals that the
roughness of the disc before wear test was R, =0.08 wm. After
wear test at 200 and 400 °C the wear tracks become significantly
rough (Fig. 2b and c). The measured surface roughness of CuO-
TZP disc increased to 0.68 and 0.79 pm, respectively. Careful
investigation on the wear track using laser scanning microscopy
(Fig. 2b and c) indicates that the wear mechanism of CuO-TZP
at 200 °C differs from 400 °C. It is clear from Fig. 2¢ that abra-
sive wear is the dominant wear mechanism at 400 °C. Similar
observations of the wear mechanism have been reported for sev-
eral ceramics at 200 and 400 °C.23-25 Howeyver, in this work at
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600 °C the wear track shows a very smooth surface which is sim-
ilar to that of the polished disc (Fig. 2d). The measured surface
roughness of CuO-TZP disc only increased slightly from 0.08
to 0.095 wm after a wear test against an alumina ball at 600 °C.

To elucidate the wear mechanism, SEM analyses have been
performed on the CuO-TZP wear tracks. Fig. 3 shows the
micrographs of unworn and worn CuO-TZP discs at different
temperatures. The unworn surface (Fig. 3a) shows a smooth sur-
face with polishing lines. SEM images of Fig. 3b and c reveal
severe wear at 200 °C and 400 °C resulting in a high roughness of
the wear tracks. Moreover, Fig. 3b indicates that brittle fracture is
the dominant wear mechanism at 200 °C and compaction of wear
debris and plastic deformation does not take place. However,
when the temperature increases to 400 °C, the wear track shows
the formation of discontinuous smooth island-like (patchy) films
in addition to a rough surface. When the temperature approaches
600 °C (Fig. 3d) a smooth layer (film) covers the wear track and
causes low friction and low wear rate. The surface morphology
after the wear tests at 600 °C is significantly different from that
observed at 200 °C and 400 °C.

Fig. 4 shows the EDS analysis of wear track of CuO-TZP

sliding against alumina at different temperatures. EDS analysis
confirms the presence of Zr, Cu and Alin the wear track at 200 °C
and 400 °C. However, on the wear track at 600 °C, Al was below
the detection limit of EDS, indicating at that testing temperature
no Al from the counterface was present on the wear track. The

20 25 30
KoV

Fig. 4. EDS analysis of wear track of CuO-TZP sliding against alumina at
different temperatures: (a) at 200 °C, (b) at 400 °C and (c) at 600 °C.
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Fig. 5. Cu 2p XPS spectra of worn surface of CuO-TZP disc sliding against alumina ball (a) at 200 °C, (b) at 400 °C, (c) at 600 °C and (d) at 700 °C.
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Fig. 6. SEM image of wear track of CuO-TZP (a) at 600 °C and (b) at 700 °C
(arrow indicating clusters of wear debris).

presence of Al and Cu at 200 °C and 400 °C suggests that at
these temperatures, in addition to ZrO, and CuO, the wear track
is covered with aluminium oxide from the counterface.

The XPS spectra of copper on the wear track at 200°C,
400°C, 600°C and 700 °C are given in Fig. 5. The core level
Cu 2p3/2 XPS at ~934 eV and satellite peaks at a higher binding
energy of ~941 and 943.5eV as given in Fig. 5a and b are in
good agreement with the data of the Handbook of X-ray Pho-
toelectron Spectroscopy indicating the presence of CuO in the
wear track.”® However careful inspection on the XPS spectra
of copper at 600 °C and 700 °C (Fig. 5c and d) reveal that both
Cu”* and Cu'* (with peaks at BE=932.1 eV) are formed while
alumina is sliding against CuO-TZP. The influence of CuyO on
friction and wear of CuO-TZP will be discussed later.

4. Discussion

The tribological results obtained at different temperatures
reveal that below a critical temperature CuO-TZP shows a higher
friction and wear rate at the same load and sliding velocity while
it is sliding against alumina under dry conditions. It is well-
known that wear debris plays a crucial role in friction and wear
of ceramics.?’ 3% A higher coefficient of friction can be caused
by the presence of loose wear debris which acts abrasively dur-
ing sliding tests. In the current study, the formation of a smooth
layer and its stability is dependent on the temperature during
the tribological experiment. XPS analysis shows that above a

T T T T T T T —
o 1 2 3 4 5 6 T 8 9 1c
keV

Fig. 7. (a) SEM image of the transfer layer of wear debris formed on alu-
mina ball sliding against CuO-TZP at 600 °C, (b) corresponding EDS (F=1N,
v=0.05 m/s).

critical temperature 7, (400 °C < T. <600 °C) copper is present
in the wear track both in the form of Cu?* and Cu'*. This has
been confirmed by XPS analysis on the 600 and 700 °C tested
samples.

Copper oxide has two phases: Cu;O (cuprite or cuprous
oxide) and CuO (tenorite or cupric oxide). The former is cubic
and the latter has a monoclinic crystal structure. CuO is disso-
ciated into Cu,O above 1000 °C by the following reaction®!32:

2Cu0 = Cu0 + %0, 1

The standard Gibbs energy (in kJ) for this reaction is as
follows>>:

AGT° =146.32 +25.54T log T — 185.47T (298-1300K)
©))

At 600°C (873 K) one can calculate from Eq. (2) that the
Gibbs energy is: —97.6 kJ. Based on thermodynamics, it is there-
fore possible that CuO dissociates at 600 °C. However, a kinetic
barrier impedes the dissociation reaction below 1000 °C. Beside,
it has been reported that CuO can be reduced by mechanical
activation in the presence of carbon at room temperature since
the standard free energy formation of Cu,0O in the presence of
carbon was estimated —88 kJ.3> Based on our XPS observation
and assuming low frictional heating,* it is suggested that the
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copper oxide wear debris undergoes mechanical activation
which enhances the dissociating reaction of CuO to CuyO at
600 °C. Furthermore it has been reported that this CupO phase
shows extensive plastic deformation above 600 °C.3 This for-
mation of Cu,O at 600 °C is associated with onset of enormous
plastic deformation.

The generated wear debris has a dualistic role; either as abra-
sive particles at lower temperatures or as a part of a patchy layer
undergoing plastic deformation around 600 °C. The mechanical
properties of this third body are important for the tribological
behaviour.?838 The presence of a soft ‘third body” will lower the
stresses in the material and will, in turn, reduce wear.3%37 On the
contrary, since oxide ceramics show poor plastic deformation at
low temperatures, the third body produces severe damage on the
wear track as shown in Fig. 3b and c. At 200 °C the entrapped
debris, generated by brittle fracture (Fig. 3b), is responsible for
the higher coefficient of friction as compared to 400 °C. How-
ever above 600 °C, this submicron wear debris, shown in Fig. 6,
reattached (together) and is smeared out over the surface by
opposing asperities and forms the smooth third body. Further
sliding induced shear by friction and removes the third body
and transfers it to the alumina counterface at the edge of contact
area as shown in our recent work.!® A careful look at Fig. 7a
and corresponding EDS indicates accumulation of debris at the
edge of the wear scar with a substantial amount of copper. This
may be a further evidence that a copper rich layer is formed on
the wear track which is consistent with the XPS results.

As can be seen in Fig. 3c, islands consisting of wear debris
are formed when the temperature is 400 °C. It has been reported
that these islands can increase the load-carrying capacity at the
wear track and consequently decreases the wear rate.2® Although
there are few islands formed at 400 °C, CuO-TZP still shows a
high friction and wear rate. This can be attributed to the pres-
ence of harder wear particles which promote abrasive wear of
the disc material as shown in Fig. 2c. When the temperature is
increased to 600 °C, the area of the islands drastically increases
and the surface becomes smoother which results in a lower con-
tact pressure at the asperities and a lower friction and wear of
the material couple.

Based on XPS analysis of the wear tracks at 600 °C and
700 °C, it is obvious that the smooth third body consisted of
a mixture of Cu* and Cu?* rich phase. As mentioned earlier,
Cu;0 shows enhanced plastic deformation at a temperature
of 600°C.3 Therefore, at 600 °C, the low friction is ascribed
to plastic deformation, squeezing out and smearing of copper
oxide under formation of a ‘smooth third body’ on the wear
track. Although this smooth third body is plastically deformed,
removed and transferred to the alumina counterface (Fig. 7), it
can be regenerated by the copper rich phase at the surface and
grain boundary. This process can be regarded as self-healing
since the layer is continuously reformed and regenerated due
to mechanical stresses in the contact itself. Below 600 °C, the
smooth third body is not formed and the presence of harder wear
debris demolishes the formation of a compacted debris layer.

Zhang et al.,?? studied high temperature tribological prop-
erties of Mo-TZP nanocomposite. They found low friction at
800 °C and ascribed this to the formation of MoOs, which shows

T>600°C T <600 °C

Fig. 8. Diagram showing the wear processes, taking place at the contact area
between ball and plate.

plastic deformation at high temperatures and functions as a self-
lubricant layer. Although our results show good consistency with
their results, it emerges from this study that copper oxide triggers
a self-healing layer at lower temperatures.

Based on results in the present research a wear process is pro-
posed in Fig. 8, which results in a self-healing ceramic surface.
According to this diagram, the design of a ceramic composite
with a soft second phase can enhance the formation of a smooth
third body (layer) which can later protect the material from fur-
ther damage and increase the lifetime of the ceramic component.
It is also noteworthy to mention that formation of a self-healing
layer is influenced not only by material but also by system con-
ditions (temperature, load, sliding velocity, etc.). Further work
on modelling of a stable third body using a contact mechanics
approach is ongoing and the results will need to be compared
with the experimental results.

5. Conclusion

1. CuO-TZP exhibits a coefficient of friction of 0.85, 0.7, 0.35
and 0.4 at 200, 400, 600 and 700 °C respectively.

2. The low friction at 600 and 700 °C is attributed to the for-
mation of a smooth third body (layer) which is generated
by plastic deformation of copper-rich wear debris. The third
body, containing the soft CupoO phase, is deformed and
removed form interface while it is regenerated and healed by
the sliding contact. The formation of this stable third body
is likely to be load dependent and beyond a critical load this
smooth third body will be removed during further sliding.

3. The lower friction at 400°C as compared to 200°C is
ascribed to the formation of small islands of wear debris on
the wear track. However, at both temperatures the wear rate
is of the same order, since the load-carrying capacity of third
body is insufficient.

4. CuO is a promising solid lubricant for designing a self-
lubricating ceramic matrix composite at high temperatures.
It is found that simultaneous plastic deformation and dissoci-
ation of CuO at 7> 600 °C may enhance smooth third body
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formation and eventually resulting in low friction and wear
rate of CuO-TZP.
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