PII: S0955-2219(97)00153-2

Journal of the European Ceramic Society 18 (1998) 557-563
© 1998 Elsevier Science Limited

Printed in Great Britain. All rights reserved
0955-2219/98/$19.00 + 0.00

Effects of Grain Size and Ceria Addition on
Ageing Behaviour and Tribological Properties of

Y-TZP Ceramics

S. R. Jansen,™ A. J. A. Winnubst,** Y. J. He,* H. Verweij,*
P. G. Th. van der Varst” and G. de With?

“University of Twente, Faculty of Chemical Technology, Laboratory for Inorganic Materials Science, PO Box 217,

7500 AE Enschede, The Netherlands

PEindhoven University of Technology, Faculty of Chemical Engineering, Department of Solid State Chemistry and
Materials Science, PO Box 513, 5600 MB Eindhoven, The Netherlands

(Received 26 March 1997; accepted 11 August 1997)

Abstract

The influence was investigated of ceria addition and

the grain size on ageing and wear behaviour of

Y-TZP ceramics. Two types of ceramics were
studied: ZY5 (95mole% ZrO, and 5mole %
YO;s5) and ZY4Ce4d (92mole % ZrO,, 4mole %
YO, and 4mole % CeO,). Each ceramic was
sintered with grain sizes of 0-18 um (95% dense) or
0-5um (98% dense). Only the ZY5 ceramic with a
grain size of 0-5pm showed degradation to mono-
clinic zirconia ( = ageing) after a treatment in water
at 180°C. This ceramic was also the only one in
which a phase transformation was observed after
wear tests in water for a pin (SiC) on plate test
configuration. However, this transformation was
found not to affect the wear rate. Wear mechanisms
were investigated for testing in dry nitrogen and
water environment. ©) 1998 Elsevier Science Lim-
ited. All rights reserved

1 Introduction

Modern technical ceramics such as ZrO,, Al,Os,
SizN4, and SiC are suitable for application as
wear resistant parts.' Generally, these materials
have a high hardness and Young’s modulus, they
are chemically inert, and can be used at high
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temperatures if compared with metals. However, in
case of severe local contact the brittleness of cera-
mics can lead to rapid wear by surface micro-
fracture.* According to Fischer et al., a relation
exists between wear behaviour and toughness of
brittle materials.>

Yttria-stabilised tetragonal zirconia polycrystal-
line (Y-TZP) ceramics have excellent strength and
good fracture toughness. However, these materials
show a spontaneous phase transformation to
monoclinic zirconia, which is dependent on grain
size.1% Under influence of water at elevated
temperatures (> 200°C) this phase transformation
can take place very fast.!! On the other hand, Ce-
TZP ceramics have an improved stability of the
tetragonal phase and show a good fracture
toughness, but its strength is lower and the
dynamic grain growth is very strong.®”-!%13 For
these reasons TZP ceramics with a good resistance
against ageing, good formability, and excellent
mechanical properties can be fabricated using
yttria and ceria as stabiliser for the tetragonal
phase.

Ageing of TZP ceramics can have a strong
influence on the wear resistance in water at tem-
peratures of 150-250°C.!'* Even at room tempera-
ture frictional heating may, depending on the
tribological conditions, lead to locally confined
high temperatures: so-called flash-temperatures. '’

The present paper describes the influence of ceria
on the tribological behaviour of two types of
Y-TZP ceramics when tested under dry and aque-
ous conditions. One material (ZYS5) shows a
degradation on ageing while the other (ZY4Ce4)
has an improved resistance to ageing in water. In
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addition, the influence was examined of grain size
on the tribological and ageing behaviour.

2 Experimental Procedure

Powders of the tetragonal zirconia ceramics ZY 5
(ZrO, with 5mole % YO,.5) and ZY4Ce4 (ZrO,
with 4mole % YO;.5s and 4mole % CeO,) were
prepared by a gel precipitation technique using
metal chlorides as precursor chemicals. This prepa-
ration process is described in detail by Groot
Zevert et al.'® The green compacts of both powders
were pre-pressed isostatically at 50 MPa, then
ground in a mortar, and subsequently uniaxially
pressed at 80 MPa in a 40x8 mm mould. Finally,
the compacts were isostatically pressed at 400 MPa
and sintered in a tube furnace at 1150°C for 10h
(heating and cooling rate 2°C min—'). The relative
density after this sintering procedure is 95-96% for
both ZY4Ce4 as well as ZYS compacts. An aver-
age grain size of 0-18-0-19 um for both ceramics
was determined using the linear intercept tech-
nique!” on SEM photographs. A relatively large
grain size of 0-5um was obtained for ZY4Ce4
and ZYS5 compacts after sintering at 1400 and
1450°C for 2h, respectively. The relative density
after sintering at these temperatures is 98% for
both specimens.

The sintered compacts were sawn in bars of
2x2x5mm (ageing experiments) or of 25x5x2 mm
(tribological experiments). The bars, used for
tribological measurements, were polished on
one side with 0-05 um alumina powder, followed
by ultrasonic cleaning in ethanol for about
45min. To remove stresses introduced by machin-
ing and polishing all the bars were annealed at
950°C for 10min (heating and cooling rate 2°C
min~1).

Ageing experiments were performed in an auto-
clave with the samples put in a PTFE vessel filled
with double-distilled water. An initial nitrogen
pressure of 30 bar was applied and the samples
were kept at a temperature of 180°C for 5h. The
fraction of the monoclinic phase compacts was
determined, before and after hydrothermal ageing,
by X-ray diffraction (XRD), using a diffractometer
PW 1710 with CuK, radiation. The integrated
intensities of the diffraction peaks were obtained
by stepwise counting the intensity using a step-size
of 0.025°(260) and a counting time of 5s. Intensities
were corrected for background. The monoclinic
volumetric fraction V,,, was calculated using Toraya’s
equation.'®

In the wear study, tribological systems were
investigated of a polished SiC sphere (diameter:
4 mm) sliding sinusoidally against TZP plates. The

track length was 10 mm, the sliding frequency 4 Hz
(the maximum velocity is 0-125m s~!), and the
normal load 8N (an initial Hertzian pressure of
815MPa) for a testing time of 16-20h corre-
sponding to a sliding distance of 4-6-5-8 km. Test-
ing occurred at room temperature in either distilled
water or in dry nitrogen (<1 % relative humidity)
atmosphere.

The total vertical displacement of the SiC ball
during sliding was measured by a extensometer
(Sangamo DGl1; sensitivity 1% or 1 um) and the
friction force by a force transducer. The displace-
ment and friction force were simultancously
sampled under external triggering control with a
computerised data acquisition system. The vertical
displacements were averaged and the force signal
was processed using autocorrelation and fast
fourier transformations. The friction coefficient
was estimated according to:!°

(4054 05)"” 0

f=

with Q; the ith harmonic of the autopower spec-
trum of the force signal and F the normal load.
Higher order harmonics were neglected.

The wear rate K,, was evaluated using the fol-
lowing equation:

K, = )

with W, is the mass loss during wear testing
(absolute accuracy 5-107°g), p is the density of the
material, L the length of the wear path, and F the
normal load. Alternatively, the volume loss was
determined by measuring the wear profile. To
obtain a good approximation of the volume loss,
the profile depth and width were measured using a
profilometer (Slorn, Dek-Tak 3030, Santa Barbara,
USA) with the profile measured in the sliding
direction of the wear track and on three places
perpendicular to the sliding direction (middle, and
both edges of the wear track).

The worn surface and wear debris were analysed
by X-ray diffraction (XRD), using a diffractometer
PW 1710 with CuK, radiation, and energy dis-
persive analysis of X-ray (EDX) techniques using
a Kevex Delta class III mounted on a Jeol scan-
ning electron microscope (SEM), type JSM 35CF.
The surface roughness of samples before and
after wear testing were measured with a pro-
filometer (Slorn, Dek-Tak 3030, Santa Barbara,
USA). The worn scales were examined using SEM
pictures.
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3 Results and Discussion

3.1 Ageing behaviour

Before the ageing experiments the crystal structure
of both ZY4Ce4 and ZY5 with small (0-18 um) and
large (0-5 um) grain sizes (codes S and L, respec-
tively) is fully tetragonal as determined by X-ray
diffraction. The monoclinic volumetric fraction
after the hydrothermal ageing test is show in
Table 1. These results indicate that the ageing
resistance of Y-TZP strongly depends on both
grain size and composition. A fine grained micro-
structure and the use of ceria as extra dopant
improves the resistance against ageing, which is in
agreement with the results of Boutz.®

3.2 Friction coefficient

For the wear tests it is necessary that the condi-
tions are such that the water lubricated tribosystem
is in the boundary lubricated regime (Schipper et
al.?) because otherwise not only the wear beha-
viour is investigated but also other phenomena
are present in the data. To check this the so-called
lubrication number,?? L, a dimensionless quantity, is
used:

L:ﬂ'V+ (3)

where 7 is the viscosity of the lubricant (water at
20°C: 1-10—3(Pa.s)], V. the relative velocity of the
two surfaces [(0-125 (m s~!)], p the effective mean
contact pressure, and R, is the combined surface
roughness of the two contact surfaces. The latter
quantity is defined by:

R, = \Y; R% + R% (4)

where R; and R, are the centre line average
roughness values of surfaces 1 and 2, respectively.
To check the test conditions we calculated the
lubrication number for one of our experiments.
The initial Hertzian pressure, p, is 815 MPa, the
initial combined surface roughness, R;, is 100 nm
for the ZY5/L sample. Thus the initial lubrication
number is 1-53 x 1076, The lubrication number at
the end of this experiment was found to be
6-8 x 1073, resulting from a final effective mean

pressure of 13-7 MPa (calculated from a final con-
tact plane radius of the SiC ball of 0-43mm and a
force of 8N) and a roughness, R;, of 147nm. This
means that the whole experiment is performed in
the boundary lubricated regime.?°

The friction coefficients of the various experi-
ments are shown in Table 2 and it is seen that:

e the friction coefficient is lowered for the
samples tested in water which is expected for
a lubricated system. So during these experi-
ments a lower shear stress is applied on the
TZP plates;

e the friction coefficient is lower for the ZY4Ce4
than for ZYS5 sample for the samples tested in
N, but this result cannot be explained;

e a small decrease in friction coefficients is
measured for plates with an increasing grain
size, independent on the chemical composi-
tion, for the samples tested in N,.

3.3 Wear behaviour in dry condition
The specific wear rates of the TZP plates and SiC
balls after testing in dry N, are depicted in Table 3.
No monoclinic zirconia phase is detected on the
TZP plates before and after completion of the test.
From these results it is concluded that, if one
regards the lower porosity, larger grain sizes result
in a larger specific wear rates for both ZY4Ce4 and
ZY5 ceramics This increase in wear rate with
increasing grain size is in agreement with the
results of He er al.,' where a Hall-Petch type of
relationship (d—'/?) is observed between wear resis-
tance and grain size.

The specific wear rate of the SiC balls is smaller
when sliding against ZY5 samples as compared to
7ZY4Ce4 as counter material (Table 3). The wear

Table 2. Friction coefficients after sinusoidal sliding in N, or
water environment

Material N>:f Water [
(begin—end) (begin—end)
ZY4Ce4/S 0-46-0.40 0.27-0.13
ZY4Ced/L 0-37-0-38 0-30-0-15
ZY5/S 0-56-0-51 0-29-0-24
ZY5/L 0-50-0-47 0-21-0-16

Table 3. Specific wear rates of the TZP plates and SiC for
sinusoidal sliding in N, environment

Table 1. Monoclinic zirconia content (V,,) after ageing at Material K, K, L
185°C for 5h in water (100 mm’ (100 mm?® — (10=° mm’
N~1tm™!) N1m™!) N1im™!)
Sample code Grain size (um) Vi (%) profilometer weighing SiC ball
7Y 4Ce4/S 0-19 0 7ZSY4Ce4/S 1-6 2-3 4.5
ZY4Ce4/L 0-50 0 7Y 4Ce4/L 2-8 2-5 34
ZY5/S 0-18 0 ZSYS5/S 1-0 09 2:4
ZY5/L 0-50 89 ZYS5/L 1-2 1.7 2-8
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rate of the ZY5 plates is also smaller as compared
to the ZY4Ce4 plates suggesting that the specific
wear rate of the SiC balls is related to the specific
wear rate of the TZP plates. This relation is also
published by He et al. for TZP ceramics®! and for
ADZ (20 wt% Al,O5 dispersed in Y-TZP).??

The wear mechanisms as determined by the
morphologies are the same for all materials and are
independent of chemical composition and grain
size. Using the temperature maps as given by
Ashby!> both bulk and flash temperatures during
the tribological test can be obtained. Because of the
low sliding speed (maximum of 0-125ms~!) the
maximum value of the surface and flash tempera-
ture is about 100°C of the TZP/SiC couple. It is
therefore not expected that thermal cracking
occurs during the tribological tests. The surface
morphologies indicate that plastic deformation,
microcracking (caused by fatigue), microcutting or
microploughing (predominant in the middle of the
wear track), and adhesion of wear debris occur
during these sliding tests in nitrogen environment.
Plastic deformation is more pronounced at smaller
grain sizes.?! Microcracks (caused by fatigue) per-
pendicular to the sliding motion (Fig. 1) are
observed all over the wear track but its concentra-
tion is significantly larger at the turning points. The
increase of microcracks at the turning points can
be explained by the fact that the static friction
coefficient is larger than the dynamic friction coef-
ficient. This means that the tangential force (and
therefore the shear stress) has its largest value at
the turning points. Wear debris adheres to the TZP
plates followed by plastic deformation of the
adhered surface layer, as depicted in Fig. 2.

3.4 Influence of water on wear behaviour

Under water environment the specific wear rates of
ZY5 and ZY4Ce4 ceramics are very low. The wear
rates of the samples with a large grain size (and a

Fig. 2. Morphology of ZY4Ce4/S after sliding in N,, showing

abrasive wear (microcutting/microploughing) and plastic

deformed wear debris. Arrow indicates one direction of the
reciprocal sliding.

Table 4. Specific wear rates of TZP and SiC and monoclinic
fraction zirconia on the plate surface after sliding wear in

water

Material K, K, Vin

(1075 mm® Nm=1) (10~ mm® Nm~1) (%)*

TZP SiC ball

7Y 4Ce4/S < 0-01 < 0-01 0
ZY4Ce4/L 0-03 0-70 0
ZSYS5/S < 0-01 < 0-01 0
ZYS5/L 0-03 0-60 15-20

“Initial fraction monoclinic zirconia is 0% for all samples.

larger density) are slightly larger as compared to
the samples with a small grain size. According to
Table 1, ageing occurs for ZYS5/L (grain size
0-5 um). The ageing also has been determined after
the wear test on the ZYS5/L sample in water
(Table 4).

Like in the dry N, wear tests, the friction coeffi-
cient decreases with increasing grain size for both
types of TZP ceramics when tested in water
(Table 2). The opposite trend, however, was
observed by Zum Gahr et al.>* whose tests on zir-
conia were performed on other tribological systems
(block on ring and ring on block). This indicates an
influence of the tribosystem on the relation
between friction coefficient and grain size.

Table 5. The centre line average roughness of the TZP

ceramics after wear tests. The measurements are taken in the

length of the wear track and in the width of the wear track in
the middle of the plate

Fig. 1. Morphology of ZYS5/S after sliding in N,. Micro-

cracks, caused by fatigue, are observed perpendicular to the

sliding direction. Arrow indicates one direction of the
reciprocal sliding.

Material Water Dry N,
Ry (nm) Ry (nm) R, (nm) R, (nm)
length of  width of  length of  width of
wear track wear track wear track wear track
ZY4Ce4/S 310 121 1454 3165
ZY4Ce4/L 167 105 1617 4219
7ZY5/S 476 196 1796 2765
SY5/L 115 111 2126 2636
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The roughness of the TZP plates after the wear
test in water is less if compared with values after
tests in a dry N, environment (Table 5). This dif-
ference can be explained by a difference in wear
mechanisms. In none of the water tested samples
fatigue is found as a wear mechanism indicating
that the lubrication of water is sufficient to reduce
significantly the shear strain on the TZP ceramics.
This also is corroborated by the reduced coeflicient
(Table 2).

On ZY4Ce4/S the main wear mechanism is based
on abrasion (microcutting, microploughing) but its
presence is strongly reduced as compared to the
same sample tested in a dry environment. Grain
pull out is a minor mechanism on this material.

For the ZYS5/S specimen the predominant
mechanism is grain pull out while the minor
mechanism is abrasion (Fig. 3). Also some small
random orientated cracks are observed on the sur-
face of this material indicating that these cracks are
not caused by shear stress. The wear debris sticks
on the surface of this sample.

®B)

Fig. 3. Scanning electron micrographs of ZY5/S plate (grain
size of 0.18 um) after sliding test in distilled water. (A): very
smooth surface is observed after sliding. Soft abrasive wear is
shown all over the sample, together with some small random
orientated cracks. The white particles are some dirt particles
sticked on the sample. (B): high magnification shows that the
black holes are caused by grain pull out. Arrow indicates
indicates one direction of the reciprocal sliding.

®B)

Fig. 4. Scanning electron micrographs of ZYS5/L with grain

size of 0-50 um after sliding test in distilled water. (A): abrasive

wear (B): delamination of the thin layer is shown on the con-

tact surface. Grain pull out becomes a main wear mechanism

by the intergranular microfracture. Arrow indicates indicates
one direction of the reciprocal sliding.

Grain pull out is also the main mechanism for
the samples with a larger (0-50 um) grain size:
ZY5/L (Fig. 4) and ZY4Ce4/L (Fig. 5). This
mechanism is even more pronounced than in the
7Y 5/S sample. Grain pull out mechanism seems to
increase with increasing grain sizes. The removed
grains act as a third body resulting in an increase
of abrasive wear in the centre of both the ZY5/L
and the ZY4Ce4/L material. As a result this third
body wear causes an increase of the wear rate when
compared with the samples with a small grain size
(Table 4). Furthermore, delamination takes place
on the contact surface of ZY5/L and ZY4Ce4/L.
On the ZYS5/L specimen the same random orien-
tated cracks as on the ZY5/S sample are present
but they occur in larger quantities.

Tetragonal zirconia transformation occurred in
the ZYS5/L sample, during testing in water. This
transformation was already expected from the
ageing results (Table 1) but does not influence the
wear behaviour if compared to the ZY4Ce4/L
material, which does not show any phase transfor-
mation and has the same wear rate. This ageing
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(B)
Fig. 5. Scanning electron micrographs of ZY4Ce4/L with
grain size of 0-50 um after sliding test in distilled water.
(A): abrasive wear and microfracture. Grain pull out becomes
a main wear mechanism by the intergranular microfracture.
(B): delamination of the thin layer is shown on the contact
surface. Arrow indicates indicates one direction of the reciprocal
sliding.

transformation during sliding can be an onset for
higher wear rates, especially at more extreme tri-
bological conditions. Probably wear rate of the
ZY5/L sample in water shows a stronger increase
when higher pressures, longer sliding distances or
higher sliding speeds are used.

4 Conclusions

The influence of ceria on tribological properties of
Y-TZP were investigated. Therefore two types of
nanostructured TZP ceramics, ZY5 (95mole %
ZrO, and 5mole% YO;s5) and ZY4Ce4
(92mole % ZrO,, 4mole % YO,.5, and 4mole %
Ce0,). From each type of powder two types of
compacts are prepared with different grain sizes
(£0-2um and £0-5 um).

1. The ageing resistance of Y-TZP can strongly
be improved by doping with ceria or decreas-
ing the grain size. No ageing degradation
under hydrothermal conditions occurs in ZY5

with a small grain size of £0-2 um, but phase
transformation is observed for the ZY5 com-
pact with a grain size of 0-5um. No ageing
degradation is observed for the ZY4Ce4 com-
pacts, independent of grain size.

2. Both ZY5 and ZY4Ce4 samples with a grain
size of +£0-2 um and a relative density of 95%
almost show the same wear results after test-
ing in dry nitrogen. Surface fatigue with
cracks, caused by large shear stresses, and
plastic deformation are the predominant wear
mechanisms. For samples with a grain size of
0-50 um, the wear rate of ZY5 compact is
smaller than ZY4Ce4 compact. In this case
surface fatigue is also the predominant
mechanism but also grain pull out, abrasive
wear and plastic deformation are observed as
wear mechanisms.

3. Aqueous testing is entirely performed in the
boundary lubricated regime. Due to this
lubrication both friction coefficient and spe-
cific wear rate are strongly reduced. Only for
ZY5 with a grain size of 0-5um phase trans-
formation is observed. However, this does not
influence the wear rate. Grain pull out is
dominant in all samples tested in water while
abrasive wear is also observed for the large
grained samples. Grain pull out is enhanced
by increasing the grain size of the TZP plates.
At more extreme tribological conditions a
phase transformation during wear in water
can be detrimental.

4. Both wear rate and roughness of the SiC ball
are related to those of the TZP counterparts.

References

1. Hamburg, G., Cowley, P. and Valori, R., Operation of an
all-ceramic mainshaft roller bearing in a J-402 gas-turbine
engine. Lubr. Eng., 1981, 37(7), 407—415.

2. Bhushan, B. and Sibley, L. B., Silicon nitride rolling
bearing for extreme operating conditions. ASLE Trans.,
1981, 25(4), 417-428.

3. Rokkaku, K., Takebayashi, H. and Nishida, K., Perfor-
mance and application of ceramic bearings. Koyo Eng. J.,
1988, 133, 63-71.

4. Cho, S.J., Hockey, B. J., Lawn, B. R. and Bennison, S. J.,
Grain-size and R-curve effects in the abrasive wear of
alumina. J. Am. Ceram. Soc., 1989, 72(7), 1249-1252.

5. Fischer, T. E., Anderson, M. P. and Jahanmir, S., Influ-
ence of fracture toughness on the wear resistance of yttria-
doped zirconium oxide. J. Am. Ceram. Soc., 1989, 72(2),
252-257.

6. Boutz, M. M. R., Winnubst, A. J. A., Van Langerak, B.,
Olde Scholtenhuis, R. J. M., Kreuwel, K. and Burggraaf,
A. J., The effect of ceria co-doping on chemical stability
and fracture toughness of Y-TZP. J. Mater. Sci., 1995, 30,
1854-1862.

7. Theunissen, G. S. A. M., Bouma, J. S., Winnubst, A. J. A.
and Burggraaf, A. J., Mechanical properties of ultra-fine
grained zirconia ceramics. J. Mater. Sci., 1992, 27, 4429—
4438.



12.

13.

14.

16.

Effects of grain size and ceria addition on Y-TZP ceramics

. Boutz, M. M. R., Nanostructured tetragonal zirconia

ceramics: microstructure,
plasticity. Ph.D. thesis,
Netherlands, 1993.

sinter forging and super-
University of Twente, The

. Lange, F. F., Dunlop, G. L. and Davis, B. I., Degradation

during ageing of transformation-toughened ZrO,-Y,O;
materials at 250°C. J. Am. Ceram. Soc., 1986, 69(3), 237-240.

. Swab, J. J., Low temperature degradation of Y-TZP

materials. J. Mater. Sci., 1991, 26, 6706-6714.

. Winnubst, A. J. A. and Burggraaf, A. J., The ageing

behavior of ultrafine-grained Y-TZP in hot water. Adv.
Ceram, 1988, 24, 39-47.

Theunissen, G. S. A. M., Winnubst, A. J. A. and Burg-
graaf, A. J., Effect of dopants on the sintering behaviour
and stability of tetragonal zirconia ceramics. J. Eur.
Ceram. Soc., 1992, 9, 251-263.

Matsumoto, R. L. K., Ageing behaviour of ceria-stabi-
lized tetragonal zirconia polycrystals. J. Am. Ceram. Soc.,
1988, 71(3), C128.

Sasaki, S., Effects of environment on friction and wear
of ceramics. Bull. Mach. Eng. Lab. Japan, 1992, 58, 1-109.

. Ashby, M. F., T-map, Background Reading: On Surface

Temperatures At Dry Sliding Surfaces. Cambridge Uni-
versity Press, Cambridge, 1990.

Groot Zevert, W., Winnubst, A. J. A., Theunissen, G. S.
A. M. and Burggraaf, A. J., Powder preparation and

17.

18.

19.

20.

21.

22.

23.

563

compaction behaviour of fine-grained Y-TZP. J. Mater.
Sci., 1990, 25, 3449-3455.

Mendelson, M. 1., Average grain size in polycrystalline
ceramics. J. Am. Ceram. Soc., 1969, 52(8), 443—-446.
Toraya, H., Myoshimura and Somiya, S., Calibration
curve for quantitative analysis of the monoclinic-tetra-
gonal ZrO, system by X-ray diffraction. J. Am. Ceram.
Soc., 1984, 67, C-119-C-121.

Van den Berg, P. H. J., Mechanical surface interactions
and zirconia ceramics, PhD. thesis, Eindhoven University
of Technology, 1991.

Schipper, D. J., Hoevenaar, A. J., De Laat, B., Bakx, S.
and Keijer, J. T. A lubrication number for mechanical
seals. In Proceedings of the 13th International Conference on
Fluid Sealing Brugge, Belgium, 1992, pp. 467-475.

He, Y. J., Winnubst, A. J. A., Burggraaf, A. J., Verweij,
H., van der Varst, P. G. T. and de With, G., Grain-size
dependence of sliding wear in tetragonal zirconia poly-
crystals. J. Am. Ceram. Soc., 1996, 79, 3090-3096.

He, Y. J., Winnubst, A. J. A., Burggraaf, A. J., Verweij,
H., van der Varst, P. G. T. and de With, G., Sliding wear
of ZrO,—Al,03 composite ceramics. J. Eur. Ceram. Soc.
(in press).

Zum Gahr, K. H., Bundschuh, W. and Zimmerlin, B.,
Effect of grain size on friction and sliding wear of oxide
ceramics. Wear, 1993, 162-164, 269-279.



