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INTRODUCTION

For the tribological application, ceramic
materals are a great deal of interest in research
recently. In particular, the high wear resist-
ance is a good property to use in situation of
severe service [1]. Despite of the unique tribo-
logical properties, the friction and wear is still
desirable to reduce enough to apply in the indu-
stry.

In literature, ceramic/ceramic or ceramic/
metal couples were investigated to understand
the wear of ceramics [2—7]. But there is no
information how to reduce friction which is
higher than that of metals [8jand wear. Thus
to understand the wear and friction behavior of
ceramics with lubricant, it is important to inve-
stigate the effect of lubricant at room and
elevated temperature.

Also there are various papers on the use of
solid lubricant to reduce the wear and friction
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of metals where liquid lubricant could not be
used [9—11]. But the application of solid lubri-
cant to ceramics has not reported-yet. Because
the chemical and mechanical properties of cera-
mic are different from metal, it is unclear to
what extent the lubrication are effectively aff-
ected the friction and wear and which is best to
use at various conditions.

This paper reports on the wear and friction of
SiC/SiC and SiC/Steel pairs at various temper-
ature with and without lubricants. At high
temperature, graphite and molybdenum disul-
phide (MoS,) were used as lubricant.

It was found that the wear mode and the solid
film formation on the worn area affected the
wear and friction of ceramic. Also the were
debris formed on the contact area during sliding
with water and without lubricant at high tempe-
rature accelerated the wear of ceramic. At the
elevated temperature, graphite showed better
performance than MoS, while MoS, was better
at room temperature.

EXPERIMENTAL APPARATUS, MA-
TERIAL AND TESTPROCEDURE

The wear and friction experiments were perfor-
med on a two disk sliding machine which one is
stationary and the other is rotating shown in
figure 1. These arrangement makes a good line
contact between the two disks without edge
effect. Also, it is possible to measure the wear
scar length and coefficient of friction very
accurately.

A hot pressed SiC (carborundum) was sfudied
as well as steel(AISI 1045). The diameter of
upper disk was 31.5 mm and of lower disk was
42.06 mm. Surface finish of ceramics were (.
114 »m (Ra) for the upper disk and (.58 um
(Ra) for the lower disk. They were used as
received from factory made. The steel disk
which was used was machined to make the
same geometry as the lower disk of ceramic of

ceramic and the surface finish was 0.39 #m
(Ra)

Sliding experiments were conducted in three
temperature zone ; room temperature (25C),
300°C,
done by adjusting the nozzle distance from the

500°C. The temperature control was

lower disk and controlling to O, and C,H,
valves. Until the temperature of the contact
zone was stabilized as desired, the lower disk
was rotated without sliding test and con-
tinuously measured with thermocouple. After
the temperature was stabilized, the sliding test
was conducted with removing the thermocouple
to a little back of contact area.

The sliding speed of the whole test was 132
mm/sec (60 rpm) which did not increase the
surface temperature by frictional heating.

During the test, the temperature was not
varied larger than 10°C at 300C and 15C at
500°C . In order to minimize the thermal effect
of the strain gage, water cooling device was
attached on the machine.

The specimen used were cleaned ultrasoni-
cally with acetone prior to use. The lubricants
used were graphite (Josep Dixion Crucible
Co.), MoS,(Alpha Corp.), distilled water and
mineral oil. Only graphite and MoS, were used
at elevated temperature. The soild lubricants
were dropped near the contact area of the lower
disk continuously .

RESULTS AND DISCUSSION
SiC vs itself sliding at room temperature .

For the examination of the lubrication effect,
unlubricated sliding test was conducted at room
temperature. The load to be applied were 5.2 N
and 10.4 N. Figure 2 is the SEM picture of
original and worn surfaces. At low load (5.2
N), the surface worn away making smooth and
about 0.025 xm (Ra). But at high load, the
surfaces were became rough (0.05 »m). It

51



Journal of the KSUE

was shown that the upper disk a lot of scratch
lines along the sliding direction. There were no
sign of intergranular were or fracture mode on
the both surface.

With the commercal flake graphite, the cera-
mic pairs were lubrecated at 10.4N . The worn
surface of the upper disk was not covered with
graphite nor anv solid film (Fig.31. But the
lower disk was covered with graphit film. [t
Where

the film was removed away, the worn surface

was uneven and some was flaked off.

showed that the wear mode was transgranular
fracture type. It also showed that the surface
was worn away during the removal of solid film
which will be verifiad later. The graphite film
was formed on the ceramic yradually and it
takes abort 70 seconds with some frictional
vibration after the griaphite was mtroduced and
then stabilized as shown in tigure 4 It also
show that the film was broken awav by stvius
With rthe

friction

tip ‘load : 0.5p, radius {27 Mo,
upper disk has not graphite tilm, the
coefficient and wear rate were between those of
unlubricated sliding and lubricated with Mos,
When the contact zone was lubricated with
MoS,. the worn surfaces of the both disk were
covered with solid film came {rom lubricant
itself ‘Fig. 3:

pushed along the sliding direction and broken

[t showed that the film was

away. The area which film was removed show-
ed the bare ceramic. With solid film on the both
and wear

worn area, the friction coefficient

rate were less than graphite (Fig 5, 60, The
formation of MoS, during sliding did not take
long time as graphite as shown in Fiyero 4, It was
formed immediately after lubricant was intro-
duced. Also there was no frictional vibration as
graphite. Easy film formation of Mos. could be
the reseaon of the low friction coefficient and
wear than graphite at room temperature.,

The mineral oil was used as lubricant in order
to examine the difference from the solid lubri-

cants. The bhoth worn surfaces were very sm-
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ooth. The wear rate and coefficient of friction
were higher than that of MoS, lubrication, but
less than graphite (Fig. 7). It could not protect
the wear of ceramic which did not make solid
film. When steel was used with mineral, it
reduced the wear and friction at the same time
(later described) .

The distilled water also used as lubricant,
After sliding, the upper disk was very smooth
tRa ==0.01 ;im; .

some pits as showm in figure 7. The wear

The upper surface also had

debris was very fine and might be abrasive
material to make smooth the worn area. But
The
coefficient of friction with water was 0.3 and
less than that of unlubricated sliding. But the

the formation of pits was not known.

wear rate (Fig.5) was the highest among the
other conditions. It was 20 times more than
that of MoS, lubrication. This results was also
found at the other papers [3,12]. The severe
wear might be caused by the abrasion of cera-
mic by the fine wear debris.

From this results, the wear and friction of
ceramic were strongly affected by the wear

debris, surface film formation.

SiC vy itself sliding at 300°C

In order to find the effect the lubrication at
elevated temperature, the lower disk was heat-
ed to 300C

cause of the high thermal conductivity of cera-

with gas welding equipment. Be-

mic and the hollow shape of the lower disk, it
makes stabilize temperature at the lower disk.
In these test, the sliding time was set to 15
minutes.

At first, the sliding test was conducted with-
out lunbricant. The worn area was covered
evenly with wear debris (Fig.8). The wear
debris was adhered to the surface strongly. It
was not removed from the worn area by ultras-
onically cleaning with acetone. But some of

them was removed away with razor blade show-
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ing some of worn surface. The debris was just
same shape as water lubricated sliding except
some of them was attached .o worn areas.

The fine wear debris was mere effectively
worn the ceramic surface and the wear rate was
4—5 times larger than that of solid lubricated
surface. Also it was larger than by 2 times
which was slid at room temperature without
lubrication. But the coefficient of friction was
little higher than that of room temperature.

When the sliding zone was lubricated with
graphite, the coefficient of friction was also
increased than that of room temperature and
still higher than MoS, lubrication. Both of the
worn surface were partially covered with gra-
phite and the film removed area showed the
intergranular wear mode. But the wear rate
was the least and 1/2 of the unlubricated sliding
wear . So the effect of graphite lubrication was
most prominence when the temperature is high.
Also it is better than MoS, lubrication which
will be discussed next.

Whit MoS,,
graphite even the friction coefficient was less

the wear was higher than of

(Fig.5,6}. Some of worn surface was covered
with lubricant just as the worn area lubricated
Also the solid film which for-
med on the surface could not survice for a long

with graphite.

time as shown in figure 9. It was formed on the
ceramic instantly and worn away within 30
seconds. From this result, the wear was more
affected by the solid film then its coefficient of
friction. Easy removal of film increased the
wear even the friction was low . [t was the same
result when the lower disk was changed to steel
which will be described later. So, if MoS; is
enough around the sliding area, friction is low.
But if lubricant became scarce, the friction
could be increased soon.

At 300°C, graphite gave better performance
to reduce wear of ceramic even the coefficient
of friction was a little higher than MoS,.

SiC vs itself sliding at 500°C

At the temperature of 500°C, the color of
lower disk became red and was broken by
thermal shock during test at 10.4 N load. So
the applied load was reduced to 2.6 N. Also the
sliding time was set to 5 minutes.

The worn area of the unlubricated sliding
showed the smeared and fractured film. The
wear rate was higher than that of 300°C as
shown in Fig.5. Coefficient of friction was also
higher and became to f=0.7(Fig.6). So, with-
out lubricant both the wear and friction at high
temperature were much worse than at low tem-
perature.

When the graphite was used as lubricant, the
worn surfaces have a lot of intergranular wear
The
friction coefficient and wear were almost same

scar with some graphite film(Fig.10}.

order as those of unlubricated sliding. During
the test, the frictional vibration is much higher
than that of low temperature.

MoS, was also used as lubricant at the sliding
zone, The wear of ceramics was higher than
that of graphite. But still the coefficient of
friction is lower than that of lubricated with
graphite. The worn surface(Fig.10) was al-
most same as the surface lubricated with gra-
phite. It became more clear that MoS, could
not protect the wear of ceramics more effe-
ctively than graphite at elevated temperature.

At the hige temperature at 500°C, the solid
lubrcant did not decrease the wear and friction
from unlubricated sliding. In the literature
113], the solid lubricant could reduce the fric-
tion and wear up to 800°C when metals were
slid. But ceramic pairs was not shown same
results partly because the hardness of ceramics
was much higher than metal, so adhesion of
solid lubricant film to substrate might be weak .

SiC vs steel sliding at room temperature,

The lower disk was changed to AISI 1045
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steel in order to verify the former results and
understand the effect of lubricants on the cera-
mic/steel sliding .

Without lubricant, the were rate and coef-
ficient of friction were high as shown in figure
11 and 12. But all were much less than that of
ceramic pairs. The worn surface of ceramic has
not any transferred metal from lower steel
disk .

The steel surface was covered with oxide is
land but some of them was flaked off as shown
in figure 13. From SEM and EDAX, it was
found that the thick iron oxide layer had higher
concetration of silicon than the oxide removed
area as shown in figure 14. During the for-
mation the oxide, creamic wear debris could be
accumulated in the iron oxide.

Water was introduced to the sliding zone as a
lubricant. The wear rate was still higher than
unlubricated sliding. The picture of worn sur-
face showed that steel surface has a lot of pits.
These was not known as hefore but it could be
made from ceramic wear debris. Graphite was
used as lubricant during sliding. The solid film
was formed on the both disk. Steel surface was
more evenly formed with graphite. The time to
formation of solid film was less than ceramic
pairs (70 sec.) and it took about 45 sec. From
the EDS, the solid film formed with graphite
had more silicon conentration than the film
removed area.

When mineral oil was used, the wear and
friction were much smaller than those of other
tests or ceramic pairs slid with oil (Fig.11, 12).
The both worn surfaces were covered with oil
oxide film [14], while the ceramic disks have
not any film when slid ceramic pairs slid itself.

The iron oil oxide on the steel surface did not
contain as the other solid film. As a result,
mineral oil was reacted only to the steel surface
during sliding and some of them was trans-
ferred to ceramic. Also the formation and re-
moval of the solid lubricant film always accom-
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panied with the wear of ceramic while mineral
oil oxide did not.

CONCLUSIONS

From the sliding and wear test with SiC
ceramic, the following conclusions can be dr-
awn .
1)During the unlubricated sliding, ceramic

wear debris was attached on the lower disk

surface which made to increase the friction

coefficient .
2)The fine wear debris of ceramic which for-

med during water lubricated sliding or un-

lubricated sliding was so abrasive that it acc-
elerated the wear of ceramics severely, whi-
ch could be reduced effectively with solid
lubricants.

3)Solid lubricants (MoS,, graphite) were good
enough to reduce the friction and wear of

ceramics effecively at 300°C as well as room .

temperature. But at the temperature at

500C,
were not prominence as that of the tem-

the effectiveness of solid lubricants

perature at 300°C or less.

4) The time to formation of graphite film on the
ceramic surface as well as steel is usually
longer than that of MoS,. Thes may be the
reason that the graphite was adhered more
firmly to base material than MoS,, which
makes better performance at high temper-
ature.

5)The worn area of SiC showed that at high
temperature or high load, intergranular wear
mode was prevalent while at low temperature
or light load, transgranular wear mode was
controlled.
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Fig 1. Schematic diagram of the two disk machine

Fig2 . SDM micrograph of the original surface and unlubricated wear scar.

a) original surface, b) surface sld at 5.3N, c¢) surface slid at 10.6N.
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Fig3. Optical micrograph of the wear scar.
a) upper disk slid with graphite,
b) lower disk slid with graphite,
c) upper disk slid with MoS.,
)

d) lower disk slid with MoS..
arrow:20 um in sliding direction.

o STl al g
sliding

_ sliding
graphite MoS2

Figd . Friction force changes with lubricant after unlubricated sliding.
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Fig5. Wear rate of the upper disk at various temperature and lubricant.

Coefficient of friction

] room temperature

0.75 300 °C
500 °C

I

] i | |
unlub. graphite MoSo water il

0.5 —

0.25 —

W 7

Fig6. Coefficient of friction of ceramic pairs at verious temperature and lubricant.
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Fig7. Optical micrograph of the wear scar.
a) upper disk slid with oil, b) upper disk with distilled water,
¢) wear debris formed during sliding with water or oil

arrow:20m in sliding direction.

Fig8. Optical micrograph of the wear scar slid at 300TC.
a) unlubricated sliding surface, b) lubricated sliding with graphite,
¢) lubricated sliding with graphite MoS..

arrow:20um in sliding direction.
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Figv. Iriction force change after MoS: introduced on the contact zone at 500TC.

Figl0. Wear track of the upper disk shd at 500,

a) lubricated surface shiding with graphite. b) lubricated surface shding with MoS.

arrow:20m in sliding direction.
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Figll. Wear rate of SiC sliding against steel at verious lubricant.

Coefficient of friction

0.4 —
0.3 -

0.2 —

1 5 ]

I | I [
uniub. grap. MoSo>  water ol

Figl2. Coefficient of friction of SiC slkding at room temperature temperature lubricant.

61



Journal of the KSLE

T g R,
A -t

; ¢ o |
. & fe,
A R

S Y ON¥ )
At “"} s

T

.

-

T

R

Optical micrograph of wear track sliding SiC against steel.

Figl3.

’

lower disk slid without lubricant

\

a)

upper disk slid without lubricant, b)

) upper disk lubricated with graphite,

upper disk lubricated with water, d

3

()

upper disk lubricated with MoS., {) upper disk lubricated with mineral oil

e)

arrow:20um in sliding direction.
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Figld. EDS spectra of the steel disk sliding against SiC at verious condition.
a) original surface, b) unlubricated sliding surface (thick oxide layer)
¢) unlubricated sliding surface (thick oxide removed area)

d) lubricated sliding surface with graphite,

)

e) lubricated sliding surface with mineral oil
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