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Abstract

The friction and wear behavior of self-mated SizNy4, SiC and Al,O3 in water were investigated by varying the test conditions of
applied load and sliding speed. It was found that, for self-mated SisN, and SiC ceramics, the tribochemical reaction resulted in
surface smoothening with low friction coefficient at high load and high speed condition. Al,O3 shows high friction coefficient, but

better wear rate (10~!'" mm?/N) than other ceramic materials.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Advanced ceramics, being hard and chemically stable
at room temperature, offer many possibilities of produ-
cing components with beneficial combinations of prop-
erties including good tribological performance. Ceramic
components may serve well in various media, even aqu-
eous media. However, there are major differences in the
tribological behavior of different ceramics in water.'2

The friction and wear of Si3Ny4, SiC and Al,O3 under
water lubrication has been studied by several research
groups. Fischer and Tomizawa? clearly showed the tri-
bochemical wear of SizNy in water and reported a low
friction coefficient of 0.002. Sasaki* reported that for
SizNy4 and SiC ceramics, the friction coefficient dropped
as low as 0.01 when they slid against themselves in
water. Chen et al.’ reported that the wear rate of both
Si3N4 and SiC ceramics were in the same magnitude of
10~ mm?/N. It has been reported that much shorter
running-in period was taken for self-mated Siz;N4 than
for self-mated SiC, also self-mated SisN, exhibited
lower friction coefficient (0.0035) after running-in in
water than self-mated SiC did (0.01). Alumina wear
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rates have been reported to be in a wide range of mag-
nitudes, from 107 mm?/N to 107> mm?/N.*® The
relatively large variations observed in the wear rate of
alumina have been attributed to factors such as the test
configuration, test conditions and material properties.

Tribological performance of sliding pairs depends on
environmental conditions, interfacial media, sliding
velocity, applied load, initial surface quality, micro-
structure of the mated materials and other factors.®!!
Though there are reports on tribological behavior of
ceramic materials at the respective above said condi-
tions, still there is a lack of knowledge about the friction
and wear behavior of ceramic materials for a wide range
of test conditions under a long sliding distance.

And hence, the purpose of this brief study is to eval-
uate the friction and wear behavior of three different
types of ceramic (Si3Ny, SiC and Al,O3;) materials by
varying the applied load (9.8, 24.5 and 49 N) at different
sliding speed (0.18, 0.54 and 1.18 m/s).

2. Experiment

2.1. Material selection

The present work is based on water-lubricated ball-
on-disk test with self-mated sintered ceramic specimens
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of SisNy, SiC and Al,Os. All the ball specimens were
supplied by Nihon Ceratec. Co. Ltd, Sendai and the
disk specimens of SizNy, SiC and Al,O3 were supplied
by NGK Insulators Ltd., Nagoya, Ibiden Co. Ltd.,
Ogaki and Kyocera Corp., Kyoto, respectively.
Polished balls with diameter of 9.525 mm were used in
the as-received condition with a surface roughness of
<0.1 um. The disks were ground, lapped and polished
with 0.5 pm diamond slurry, the flat test surface had a
roughness of <0.02 pm. Table 1 summarizes the com-
mercial materials used in the present investigation toge-
ther with some of their room temperature properties.

2.2. Friction and wear test

The friction and wear behavior of three different
ceramics were studied by ball-on-disk tribometer in
water lubrication condition. All the sliding tests were
conducted at room temperature (25+3 °C). Prior to
testing, the specimens were ultrasonically cleaned with
acetone and dried. The sliding conditions of different
sliding speed (0.18, 0.54 and 1.18 m/s) and load (9.8,
24.5 and 49 N) were applied on the self-mated ceramic
materials with a sliding distance of 2000 m. The friction
force and applied force were measured continuously
during each test.

Wear volumes of the worn specimens were evaluated
using a roughness tester and optical microscope. For the
worn disk specimen, the cross-sectional area of the worn
track was taken as the average of that measured at four
separate locations. The worn volume of the disk (Vy)
was calculated according to the following equation.

S +S+S83+S
dean( 1+ 92+ 53+ 4)
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where R and S are the sliding radius and cross section
area of the worn track. In all the cases, the values
reported are the average of three tests.

For evaluating the worn volume of the ball specimen,
the diameter of the worn area of the ball was measured
at four equidistant locations. The worn volume of the

Table 1
Material properties
Material Al,O4 SiC SisNy
Ball Disk Ball Disk Ball Disk

Density, p (g/cm?) 39 39 3.08 315 3.25 32
Vickers hardness, H, (GPa) 18 17 221 227 138 17
Flexural strength, o, (MPa) 450* 360* 500° 500°> 750° 1100°
Young’s modulus, £ (GPa) 400 390 408 420 305 310

@ Represents the 3-pt bend strength measurement.
b Represents the 4-pt bend strength measurement.

ball ¥V}, was calculated according to the following
equation!?

7A3B

=7

where 4 and B are the longer and shorter diameters of
the worn area of the top of the ball, and D is the ball
diameter. In all the cases, the values reported are the
average of three tests the same as for the case of V.
The wear rate (W) was determined from wear volume
as,

where P and d are the normal load and the sliding
distance, respectively.

The surface of the specimens (ball and disk) after
wear tests was observed using optical microscope to
elucidate the wear behavior.

3. Results
3.1. Friction coefficient

The friction traces of three different ceramics at high
load (49N) and high speed (1.18 m/s) condition are
shown in Fig. 1. The early rise in friction coefficient over
the minimum sliding distance of 100 m for all the three
kinds of ceramic materials was observed and referred to
initial running-in period.!3 After running-in, the friction
coefficient of Al,O;3 followed a gradual decrease with
sliding distance, and then meandered about a mean
value of 0.28. The friction coefficient decreased sharply
for SizNy, but for SiC, it decreased gradually and then
remained constant with sliding distance. The coefficient
of friction for SiC started at 0.16 and followed by a
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Fig. 1. Variation of friction coefficient with sliding distance.
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gradual decrease and remained constant about an aver-
age value of 0.02. In the case of Si;Ny, the friction trace
was suddenly decreased from 0.35 and attained a
steady-state friction of mean value around 0.009. Few
fluctuations were observed in the friction trace of Si3Ny,
which evolved due to the formation and removal of tri-
bochemical layer.

Different wear modes were generated on test pieces by
varying the applied load and sliding speed. The average
friction coefficient (u,,) value determined from the fric-
tion trace for different load and speed conditions are
shown in Fig. 2. The average friction coefficient value
was determined from the friction trace of sliding dis-
tance between 0 and 2000 m. Initially, when the sliding
speed was increased from 0.18 to 0.54 m/s, a sudden
decrease in u,, was noticed for Si3N4 ceramics from
0.18 to 0.05 and a moderate decrease from 0.31 to 0.28
in Al,O3 ceramics. But, u,, of SiC ceramics showed a
gradual or no change with sliding speed. Later, during
high sliding speed (>0.54 m/s), irrespective of the cera-
mic materials, the friction coefficient was found to
decrease faintly rather remained constant with increas-
ing sliding speed. The coefficient of friction, had mini-
mum effect due to applied load for all the three ceramic
materials.

3.2. Wear rate

Figs. 3 and 4 show the specific wear rate of ball and
disk specimens, respectively as a function of applied
load and sliding speed for three different ceramic mate-
rials. The difference in the scale of Y-axis (Wear rate,
W) for the respective ceramic material is to be noted. It
shows that the specific wear rate of alumina ball (10!
mm?/N) is lower than that of SiC (10~'° mm?/N) and
SizNy (1071 mm?/N) of one order of magnitude at any
sliding condition. Similarly, alumina disks also show
low wear rate of magnitude 10~!' mm?N, smaller than
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Fig. 2. Variation of friction coefficient with sliding speed and applied
load.

SiC (1071 mm?/N) and SizN4 (10~° mm?/N) of one and
two orders of magnitude, respectively. For all the cera-
mic materials, there is no discrepancy in the trend of
wear rate evaluated at different test conditions between
the ball and disk specimens. Whereas, the magnitude of
wear rate determined between ball and disk specimens
of the respective ceramic materials are different.

At low sliding speed (0.18 m/s), the wear rate of SisNy
ceramics was found to increase with increasing applied
load. In SiC ceramics, a trivial change in wear rate with
applied load was noticed. But, in the case of Al,Oj3
ceramics, the reverse trend of decreasing wear rate with
increasing applied load was observed. For all the cera-
mic materials, when the sliding speed was increased, a
noticeable decrease in wear rate was recognized. And
similarly, the wear rate was found to decrease with
increasing applied load.

The wear tracks of ball and disk specimens of differ-
ent ceramics were analyzed after sliding over 2000 m.
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Fig. 3. Variation of wear rate of ball with applied load and sliding
speed.
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Fig. 4. Variation of wear rate of disk with applied load and sliding
speed.
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Optical microscopy of wear track of disks (Fig. 5) show,
very flat and smooth worn surface with very few wear
particles. In particular, Si3N, and SiC worn tracks were
smoothened like polished surfaces. Also, the difference
in worn width between the ceramic materials explains
the respective change in wear rate.

4. Discussion

The effects of normal load, sliding speed, temperature
and test duration on the friction of ceramics are usually
be interpreted in terms of changes in the tribochemical
surface films and the extent of fracture in the contact
region.

When self-mated Siz;N4 and SiC ceramics slide against
in water, a high friction coefficient was obtained at low
sliding speed. Particularly, in SizN4 ceramics, a high

9.8N; 1.18m/s

9.8N; 1.18m/s

9.8N; 1.18m/s

friction coefficient was observed at low speed (0.18 m/s)
and high load (49 N) condition. Also, an increase in
wear rate was noted with applied load at low sliding
speed, which corresponded well with high friction coef-
ficient. At low sliding speed, when the applied load
increases, the separating lubrication medium between
the sliding pairs gradually get lost.!*> And hence, the
increase in wear rate and friction are attributed to the
contact of initial surface asperities with high contact
stress.'4 In the case of SiC ceramics, the friction coeffi-
cient (0.08) at low sliding speed was not as high as SizNy
ceramics. Also, the change in wear rate at low sliding
speed was much insignificant with increasing applied
load.

When the sliding speed was increased, a sudden and a
gradual decrease in friction coefficient have been noticed
for SizNy4 and SiC ceramic materials, respectively. This
decrease in friction with increasing sliding speed is

49N; 0.18m/s

Fig. 5. Optical micrographs of the worn images of different ceramics.
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associated with the high energy developed from sliding,
tends to accelerate the tribochemical reaction. And this
effect has been attributed to hydrodynamic lubrication
after an ultra smooth surface is obtained by tribochem-
ical wear. As the contact surfaces have better conform-
ing by wear, tribochemical film of colloidal silica grows
on wear surface and it is then removed from the surface
by forming fine rolls or dissolved into water.'* Further,
at high sliding speed, the lubrication effect was expected
to be very good with increasing applied load attributed
to the enhance of tribochemical reaction from sliding.

At high sliding speed, the formation of smoothened
surface by tribochemical reaction with increasing
applied load resulted in low wear rate for both the SizNy
and SiC ceramic materials. The tribochemical reaction
is thought to have the following reactions associated
with Gibb’s free energy,'?

SisNg +6H>O — 3510, +4NHj3; AG = —566.5 kJ/mol

SiC + 2H,O — SiO; + CHy; AG = —369.1 kJ/mol

The free energy of both Si;N, and SiC are found to be
high. And hence, there exists high possibility for the
formation of SiO, film. The difference in friction coeffi-
cient between self-mated SizN4 and SiC tribopairs sug-
gest that the lubrication mechanisms of the respective
tribopairs sliding in water are different. The formation
and removal of SiO, film evolved from SizN,4 sliding
pairs is expected to be rapid than SiC tribopairs. And
this might be attributed to more wear loss of SisN,4 than
SiC. Probably, SizNy tribopairs are left behind with the
tribochemical product even after the removal of SiO,
film, which attributed for the low friction coefficient.
Whereas, in the case of SiC/SiC sliding, the formation
of SiO; film is not easily removed and hence resulted
with low wear rate.

A high friction coefficient of about 0.3 was obtained
from Al,O3/Al,O;5 sliding when compared to non-oxide
ceramics. When self-mated alumina slides in water, a
lubricious trihydroxide layer is expected to form on the
wear surface. The effectiveness of the tribochemical
product decides the friction generated from the respec-
tive sliding pairs. The fluid film generated from sliding
should be thinner than a certain value (< 1) and hence
the occurrence of high friction coefficient.'® Such high
friction coeflicient results by the occurrence of complete
loss of film support. This corresponds to the lubrication
regime well above the boundary lubrication, typical for
dry sliding.!31® Also, it can be noticed that the friction
coefficient of alumina does not vary appreciably even
for different sliding speed and applied load.

The free energy calculated from the tribochemical
reaction of Al,O; is very low (AG=-259 and —21.6
kJ/mol for the formation of aluminium trihydroxide
and aluminium hydroxide, respectively), which suggests

the very low reaction rate of Al,O3 with water. Since the
reaction rate between alumina and water is low, the
lubrication effect will be minimum driving to the regime
above boundary lubrication.

Though the friction coefficient is very high for
Al,O3/Al,0;5 sliding in water, it results in a very low
wear rate when compared to Si;N4 and SiC ceramics.
The wear mechanism described for the self-mated Al,O3
sliding in water is a cooperation between mechanical
and chemical interactions to bring about a series of
reactions. In this tribochemical reaction, the contribu-
tion of ““tribo” component namely, anisotropic shear
stress and high temperature through frictional sliding
are driven by the subsequent chemical reaction derived
from the ‘‘chemical” component of the reaction
sequence.!” And hence, the low wear rate evolved from
Al,O3/Al,05 sliding is merely due to the chemical reac-
tion, similar like etching. The low wear rate of alumina
by grain orientation and chemical etching can be
noticed from the wear track (Fig. 5, upper right) devel-
oped from high load.

Inspite of applied load and sliding speed, alumina
shows better wear rate when compared to other ceramic
materials. At low sliding speed, trend of wear behavior
with applied load was unusual and reversal to the other
materials. In particular for the minimum applied load
(9.8 N), a high wear rate was seen. In order to clarify the
present result, a roughness profile (Fig. 6) is shown,
illustrating the worn depth of Al,O3 ceramics at differ-
ent sliding condition and has been compared with Si3Ny
ceramics. In the case of Al,O3 ceramics, the mean worn
depth was found to be very low of about 0.1pum and was
same even when the applied load increased from 9.8 to
49 N. The sharp peaks observed in the roughness profile
represent the inclusion of pores in the initial surface. At
both the conditions, the wear volume was also deter-
mined to be very low of 0.02 mm?3. Also, there was not
much difference noted in friction coefficient of alumina
at the respective above conditions. From the above wide
range of test conditions, the drastic change in wear rate
(Figs. 3 and 4) and negligible difference in wear volume
(Fig. 6) are not comparable. And hence, it led us to
suggest the limitation in experimental error while mea-
suring the wear rate (remains at the same narrow order
of magnitude). Whereas, it is undoubtedly seen from the
roughness profile of SizN4 that the drastic increase in
worn depth is comparable with increasing wear rate at
high load (49 N) and low speed (0.18 m/s) sliding con-
dition. Therefore, the change in wear rate of alumina
ceramics for various test conditions is very low and
lying in the narrow order of range, explicit the experi-
mental error. Still, if the test conditions are widened,
either increasing the sliding distance or applied load
may clear the present diffusive results.

The observed worn tracks of three different ceramic
materials selected from few specific conditions are
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Fig. 6. Surface profiles of wear tracks of Al,O; and Si3N, ceramics.

shown. Both the wear tracks of SiC and Si;N4 disks
were observed to be very smooth with no wear debris.
The nature of smoothening between carbide and nitride
ceramics reveals the effect of tribochemical reaction
between the respective material and water. The change
in worn width between the materials irrespective of the
wear conditions explains the difference in wear rate
evaluated for different materials. The narrow worn
width observed from alumina sliding interprets the low
wear rate when compared with other materials under
study.

5. Conclusion

The wear properties of SizNy, SiC and Al,O5 ceramics
were studied at various test conditions. It is concluded
that the wear of all ceramic materials under all test
conditions was due to reaction with water and not by
mechanical. The basic tribological properties confirmed
from the present study are, (i) SisN4 possessed very low
friction coefficient with high wear rate, (ii) SiC showed
low friction coefficient with medium wear rate, but

stable for any condition and, (iii) Al,O5 revealed high
friction coefficient with low wear rate.
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