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Abstract

The influence of the addition of copper oxide on the friction and wear characteristics of dry sliding zirconia and alumina at var-
ious humidities and elevated temperatures is outlined in this article. At various humidities, it is found that the addition of CuO give a
significant contribution in reducing the coefficient of friction of dry sliding zirconia against alumina (from 0.65 to 0.25) and alumina
against alumina (from 0.55 to 0.35) systems. At elevated temperatures, zirconia and alumina doped with CuO exhibit high friction
(> 0.6). The experiments reveal that alumina doped with CuO exhibit superior resistance to wear even at high temperature.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Nowadays, most mechanical systems in, for instance,
an engine use liquid lubricant to reduce friction and
wear of the machine components. However, the strict
exhaust emission regulations, the environmental issues
and the demand of costumers to reduce maintenance
costs have encouraged researchers to reduce the use of
lubricants in engines and start to develop unlubricated
engines [1].

The properties of low density in combination with
high hardness and high elasticity modulus as well as
the ability to preserve the mechanical properties at ele-
vated temperatures has brought ceramics as the front
end material to meet the challenge of unlubricated en-
gines. Not only for machine components, with their high
hardness, high elasticity modulus and chemical inert-
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ness, ceramics have been used as materials for cutting
tools [2,3] and for biomedical applications [4].

The current developed ceramics has shown to be wear
resistant in dry sliding contact conditions [5,6]. How-
ever, for sliding contact condition, these wear resistant
ceramics still exhibit a high coefficient of friction which
of course will cause large energy dissipation. Besides the
energy loss, coefficient of friction effects the transition of
mild to severe wear of ceramics at dry sliding contact
conditions [7]. Therefore, low friction and wear resistant
dry sliding ceramic systems are needed not only to re-
duce the energy loss but also to extend the operational
conditions and still operating in the mild wear regime.
To be considered as an interesting material for dry slid-
ing contact applications, the material should be wear
resistant (specific wear rate, k< 10 *mm*N"'m™)
and reveals low friction (f'< 0.2) [8].

In principle, a low friction system can be achieved by
having hard materials to support the normal load and a
soft thin interfacial material to provide easy shear, i.e.
lubrication. For dry sliding systems, lubrication is


mailto:h.r.pasaribu@utwente.nl

H.R. Pasaribu et al. | International Journal of Refractory Metals & Hard Materials 23 (2005) 386-390 387

implemented by hard materials coated with a soft thin
coating or by dispersing soft second phase material in
the base material which can act as a lubricant (self lubri-
cation mechanism) when the system slides. For a well
performing dry sliding system, a self lubricated material
is preferred. It is found [10-12] that the addition of CuO
as a second phase in zirconia can reduce the coefficient
of friction from 0.7 (for a dry sliding zirconia system)
down to 0.25. The presence of CuO in zirconia forms
copper rich grains and these grains are squeezed out into
the contact due to the high contact pressure and
smeared along the wear track as the system slides form-
ing a soft thin layer. Alumina ceramic doped with cop-
per oxide is also developed and it is found that the
addition of copper oxide into alumina reduces the coef-
ficient of friction of pure alumina from 0.55 down to 0.4
[11]. All the dry sliding tests reported in our previous
publications [5,6] were conducted at a temperature of
23 °C and a relative humidity of 40%. In practice, the
temperature and the humidity can vary depending on
the application. Therefore, in this article, results are pre-
sented showing the influence of the addition of CuO on
the tribological behaviour of zirconia and alumina
ceramics at various humidities and temperatures.

2. Material preparation and testing methods

Five percent weight (5% wt) of copper oxide powder
(particle size <5 um, Alfa Chemical, Germany) was
added to alumina (particle size ~ 0.23 pum, AKPS50,
Sumitomo, Japan) and 3Y-TZP powder (particle size
30-40 nm, Tosoh, Japan). The composite powders were
mixed by wet milling for 24 h in a polyethylene bottle by
using ethanol and zirconia balls as milling media. The
mixed suspension was dried in an oven at 80 °C for
24h and at 120 °C for 8 h. The mixed powder was
ground lightly in a plastic mortar and sieved through a
180 um sieve. The green compacts with a diameter of
50 mm and a thickness of 4-6 mm were produced by
uniaxial pressing at 30 MPa and subsequently followed
by isostatic pressing at 400 MPa. The composites
of CuO and 3Y-TZP were sintered at temperatures of
1500 °C for 4 h and 1550 °C for 8 h. The composite of
CuO and o-alumina was sintered at 1500 °C for 2 h.
The heating rate and cooling rate used were 2 °C/min
and the specimens were cooled down in the oven until
25°C. The specimens have densities of more than
92%. The characterization of these materials is outlined
in [11-13].

The materials ready for investigation were polished to
a centerline surface roughness (R,) of 0.1 um. The sam-
ples were heated up to 850 °C for 2 h.

The experiments were performed on a pin-on-disc
tribometer (CSEM, Switzerland). The tribometer has a
special heater that can heat up the samples up to

Commercially available alumina ball
(¢ = 10 mm)

P

Zirconia or alumina doped with CuO

Fig. 1. Schematic representation of the pin-on-disc friction tester.

700 °C. The tribometer was placed in a climate chamber
which allow the user to set the humidity (up to 95%).
The ball on disc geometry is chosen to avoid misalign-
ment problems (see Fig. 1). The zirconia or alumina
doped with CuO specimens are used as disc (see Fig.
1). In [10], it is observed that the reduction of friction
is significant only when alumina or zirconia doped with
CuO were sliding against alumina. Therefore, in this
investigation we used a 10 mm diameter commercially
available alumina ball as the counter body. The applied
normal load is 5 N which corresponds to a maximum
Hertzian pressure of 0.9 GPa for the case of zirconia
sliding against alumina and 1.2 GPa for the case of alu-
mina doped with CuO sliding against alumina. All the
tests were conducted with 0.1 m/s sliding velocity. All
specimens were cleaned ultrasonically in ethanol for
30 min and dried at 120 °C prior to the experiments.
Each test was carried out for at least 1km sliding
distance.

3. Results and discussion

3.1. Friction and wear of zirconia and alumina doped
with CuO at various humidities

The coefficient of friction of alumina doped with
5% wt CuO sliding against alumina at various humidi-
ties is shown in Fig. 2. Fig. 2 shows the benefit of adding
CuO into alumina where the coefficient of friction is re-
duced from 0.55 down to 0.4 at 23 °C and 40% relative
humidity. At a higher humidity (95%), the coefficient of
friction of dry sliding alumina doped with 5% wt CuO
sliding against alumina decreases to 0.35 (see Fig. 2).
For pure alumina sliding against alumina, Sasaki [14] re-
ported that at various humidities, the coefficient of fric-
tion reduces from 0.6 at humidity of 20% down to 0.4 at
humidity 75%. The results of Sasaki [14] and Gee [15] re-
vealed that alumina absorb water when placed in humid
air forming a hydroxide layer on the surface that conse-
quently will reduce friction and wear. For all the tests
performed at high humidity, there is hardly any wear
observed of alumina doped with 5% wt CuO sliding
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Fig. 2. Coefficient of friction of pure alumina and alumina doped with
CuO sliding against alumina at different humidities. (Normal load:
SN, sliding velocity: 0.1 m/s, temperature: 23 °C.)
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Fig. 3. Typical wear track profile of alumina doped with CuO sliding
against alumina at 23 °C and different humidities.

100 um

against alumina (specific wear rate, k< 107’
mm® N~"m™!). The wear track looks very smooth (see
Fig. 3) and most probably the wear that took place hap-
pened at the very beginning of sliding (running-in
process).

In contrast with alumina, humidity does not show
any significant effect on friction and wear of pure zirco-
nia (see Fig. 4a). The coefficient of friction of pure zirco-
nia fluctuated around 0.7 (see Fig. 4a) and the specific
wear rate is slightly less than 10 °*mm*N"'m™! for
all tests performed. Our experimental results are also
in conformance with the observation of Sasaki [14].
Sasaki [14] reported that the coefficient of friction of
zirconia only reduce from 0.7 down to 0.6 at humidities
of 0-80% while the specific wear rate is reported
between 5x 107 mm* N"'m ™' to 10 *mm* N~ 'm~',

In general, the coefficient of friction of zirconia doped
with CuO sliding against alumina reduces as the relative
humidity increases and the coefficients of friction as a
function of sliding distance in general follow a certain
characteristic. At the start, the coefficient of friction
is low for a certain sliding distance then gradually
increases and stay at a high value.

The addition of CuO into zirconia shows a significant
influence on friction and wear at various humidities (see
Fig. 4b and c). For zirconia doped with CuO sintered at
1500 °C, at 40% and 95% humidity the coefficient of fric-
tion can be as low as 0.3 for a sliding distance of 2 km
whilst for 18% humidity the coefficient of friction is
about 0.35 for 1 km sliding distance. After a certain slid-

ing distance the low friction gradually increase to a high-
er value (see Fig. 4b). When the coefficient of friction of
this material is low (about 0.2-0.35), there is hardly any
wear observed. This is due to the fact that soft copper
rich grains [12,13] at the surface of zirconia doped with
CuO can be squeezed out due to the high contact pres-
sure and smeared along the wear track forming a patchy
soft thin layer that principally will reduce friction, i.e. a
self lubricating mechanism [9]. The presence of water va-
por might reduce the interfacial shear strength between
alumina and zirconia doped with CuO sintered at
1500 °C, as shown by Fig. 4b where the coefficient of
friction varies from 0.35, 0.3 and 0.2 at 18%, 40% and
95% humidity, respectively.

For zirconia doped with CuO sintered at 1550 °C, at
18% and 40% humidity the addition of CuO does not
show any contribution in reducing the friction of zirco-
nia (see Fig. 4c), in contrary, the addition of CuO in-
crease the friction as well as the wear compared to
that of pure zirconia. However, at higher humidities
(60% and 95%), the coefficient of friction is reduced
from 0.7 down to 0.4 and 0.25 for a certain sliding dis-
tance (1-2 km) and after that, the coefficient of friction
gradually increase again to a higher value (0.8). At
95% humidity, there is no significant wear observed
when the coefficient of friction is about 0.3 or lower.
In zirconia doped with CuO sintered at 1550 °C, the
amount of amorphous copper rich compound is differ-
ent from that of zirconia doped with CuO sintered at
1500 °C [12,13]. This difference may cause the different
tribological behaviour between zirconia doped with
CuO sintered at 1500 °C and the one sintered at
1550 °C.

3.2. Friction and wear of zirconia and alumina doped with
CuO at elevated temperature

Alumina doped with 5% wt CuO sliding against alu-
mina show an increase in friction with increasing tem-
perature (up to 500 °C). The coefficients of friction
increase from 0.4 to 0.8 as the temperature increases
(see Fig. 5). The values of the coefficient of friction are
in the same range with the values observed by Dong
et al. [16] where the coefficient of friction of pure
alumina increases from 0.4 to 0.8 as the temperature
increases from 100 °C to 800 °C.

Specific wear rates, k, less than 107" mm* N~"'m™!,
were observed in the sliding tests of alumina doped with
CuO sliding against alumina at elevated temperatures.

The steady state coefficient of friction of zirconia
doped with CuO sliding against alumina tested at ele-
vated temperatures are shown in Fig. 6. At elevated tem-
peratures, the coefficient of friction of zirconia doped
with CuO sintered at 1500 °C and 1550 °C, are about
the same value as that of pure zirconia. In addition a
lot of wear (severe wear) was observed when zirconia
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Fig. 4. Coefficient of friction and specific wear rate of pure zirconia (a), zirconia doped with CuO sintered at 1500 °C (b), and zirconia doped with
CuO sintered at 1550 °C (c) sliding against alumina at different humidities. (Normal load: 5 N, sliding velocity: 0.1 m/s, temperature: 23 °C.)
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Fig. 5. Coeflicient of friction of alumina doped with 5% wt CuO
sliding against alumina at elevated temperatures. (Normal load: 5N
and sliding velocity: 0.1 m/s.)

doped with CuO were tested at elevated temperatures.
For pure zirconia, our results show almost the same val-
ues as those reported by Stachowiak and Stachowiak
[17]. They observed that the coefficient of friction of
pure zirconia increase from 0.55 to 0.7 when the temper-
ature was increased from room temperature to 400 °C.
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Fig. 6. Steady state coefficient of friction of pure zirconia and zirconia
doped with CuO sliding against alumina at elevated temperatures.
(Normal load: 5 N and sliding velocity: 0.1 m/s.)

Stachowiak and Stachowiak [17] also reported high
wear of zirconia tested at elevated temperatures.

The overall test results at elevated temperatures show
that the addition of CuO does not give any significant
reduction in friction and wear.



390 H.R. Pasaribu et al. | International Journal of Refractory Metals & Hard Materials 23 (2005) 386-390

4. Conclusions

The addition of copper oxide (CuO) to alumina and
zirconia ceramics shows a significant contribution in
reducing friction when tested at various humidities. In
general, the coefficient of friction is lower at higher
humidity for zirconia doped with CuO. Zirconia doped
with CuO sintered at 1500 °C, in particular, shows a low
coefficient of friction (0.25-0.35) for the humidity range
from 18% to 95%. However, the low friction only re-
main for a certain sliding distance (up to 2 km). Further
research has to be conducted to maintain the low fric-
tion. Alumina and zirconia doped with CuO show high
friction (f~ 0.6-1) when tested at elevated temperatures
(100-500 °C). Zirconia doped with CuO exhibit severe
wear when tested at elevated temperatures whereas alu-
mina doped with CuO shows superior resistance to wear
even at high temperature (mild wear).

References

[1] Woydt M. Materials-based concepts for an oil-free engine. In:
Hutchings IM, editor. New directions in tribology. Lon-
don: Mechanical Engineering Publications Limited; 1997.
p. 459-68.

[2] Senthil Kumar A, Raja Durai A, Sornakumar T. Machinability of
hardened steel using alumina based ceramic cutting tools. Int J
Refract Met Hard Mater 2003;21(3-4):109-17.

[3] Senthil Kumar A, Raja Durai A, Sornakumar T. Development of
alumina—ceria ceramic composite cutting tool. Int J Refract Met
Hard Mater 2004;22(1):17-20.

[4] Morita Y, Nakata K, Ikeuchi K. Wear properties of zirconia/
alumina combination for joint prostheses. Wear 2003;254:147-53.

[5] Kerkwijk B, Winnubst AJA, Mulder EJ, Verweij H. Processing of
homogeneous zirconia-toughened alumina ceramics with high
dry-sliding wear resistance. J Am Ceram Soc 1999;82(8):2087-93.

[6] He YJ, Winnubst AJA, Burggraaf AJ, Verweij H, van der Varst
PGT, de With G. Grain-size dependence of sliding wear in
tetragonal zirconia polycrystals. J Am Ceram Soc 1996;79:3090-6.

[7] Pasaribu HR, Sloetjes JW, Schipper DJ. The transition of mild to
severe wear of ceramics. Wear 2004;256:585-91.

[8] Czhichos H, Klaftke D, Santner E, Woydt M. Advances in
tribology: the material point of view. Wear 1995;190:53-6.

[9] Pasaribu HR, Ran S, Reuver KM, Sloetjes JW, Schipper DJ,
Wiratha KW, Winnubst AJA, Blank DHA. Wear resistant CuO
doped zirconia ceramic with low friction. J Eur Ceram Soc,
submitted for publication.

[10] Pasaribu HR, Sloetjes JW, Schipper DJ. Friction reduction by
adding copper oxide into alumina and zirconia ceramics. Wear
2003;255:699-707.

[11] Kerkwijk B, Garcia M, van Zyl WE, Winnubst AJA, Mulder EJ,
Schipper DJ, Verweij H. Friction behaviour of solid oxide
lubricants as second phase in Al,O3 and stabilised ZrO, compos-
ites. Wear 2004;256:182-9.

[12] Winnubst AJA, Ran S, Wiratha KW, Blank DHA, Pasaribu HR,
Sloetjes JW, Schipper DJ. A wear-resistant zirconia ceramic for
low friction application. Key Eng Mater 2004;264-268:809-12.

[13] Ran S, Winnubst AJA, Wiratha KW, Blank DHA. Sintering
behaviour of 0.8 mol%-CuO-doped 3Y-TZP ceramics. J Am
Ceram Soc, submitted for publication.

[14] Sasaki S. Effects of environment on friction and wear of ceramics.
Bulletin of Mechanical Engineering Laboratory No. 58, Japan,
1992.

[15] Gee MG. Wear testing and ceramics. Proc Inst Mech Eng
1994;208:153-66.

[16] Dong X, Jahanmir S, Hsu SM. Tribological characteristics of
o-alumina at elevated temperatures. J Am Ceram Soc 1991; 74:
1036-44.

[17] Stachowiak GW, Stachowiak GB. Unlubricated wear and friction
of toughened zirconia ceramics at elevated temperatures. Wear
1991;143:277-95.



	Environmental effects on friction and wear of dry sliding zirconia and alumina ceramics doped with copper oxide
	Introduction
	Material preparation and testing methods
	Results and discussion
	Friction and wear of zirconia and alumina doped�with CuO at various humidities
	Friction and wear of zirconia and alumina doped with CuO at elevated temperature

	Conclusions
	References


