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Abstract

It is known that under lubricated conditions, dimpled surfaces can show improved tribological properties under planar/planar
contact. This study investigates the effect of dimpling on the tribological properties of a silicon nitride ceramic against hardened

bearing steel under oil lubricated, planar to curved surface contact conditions. Block-on-ring friction tests under oil lubrication
were carried out over a range of sliding velocities, with a silicon nitride ceramic whose surface was dimpled by abrasive jet
machining (AJM). The dimpled surface showed better tribological properties in terms of reduced friction coefficient compared with

a lapped surface.
# 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Fine ceramics are being used for tribo-elements due to
their superior mechanical properties such as high heat
resistance, high wear resistance, lightweight, low ther-
mal expansion and electric non-conductance, etc. In
particular, silicon nitride is applied for automotive
engine parts and bearings, for example as a cam follower,
and some beneficial results having been reported.1

The reduction of friction of tribological components
is considered to be necessary from a point of view of
energy saving and environmental protection. Until now
improvements in surface roughness of automotive parts,
with the aim of reducing friction, have generally been
achieved by grinding and lapping.2,3 However, there is a
limit in the achievable surface flatness and smoothness
from a point of view of materials and processing.
Surface texturing is another method which has been

researched for the reduction of friction of tribological
components.4,5 It is expected that the retention of
lubricating oil in shallow pores textured on to the slid-
ing surface will assist the formation of a lubricating film
with resulting reduction of friction. Most of the pre-
vious research in this field has been carried out under
planar-to-planar contact condition such as mechanical
seals.6,7 However, there is still limited research regard-
ing the role of surface texturing under line contact con-
ditions such as in journal bearings, and the effects
remains unknown.
In this paper, in order to extend the applicable range

of surface texturing, we report the effects on friction of a
silicon nitride planar surface on to which textured dim-
ples of various sizes have been produced.
2. Experimental procedure

2.1. Processing of surface textured dimples

The ceramic materials used were REFCERAM which
is silicon nitride made in JFCC, fired with the sintering
additives of 2.2 wt.% Magnesium (Mg) and 3.8 wt.%
Cerium (Ce). Prior to surface texturing, the samples
were ground into 3�4�2 mm blocks. The 3�4 mm sur-
face of the samples was finished by lapping using first 3
mm and then 0.5 mm diamond pastes. The surface
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roughness following the lapping process was less than
0.01 mm Ra.
Subsequent micro-dimpling was performed by abra-

sive jet machining (AJM) using a masking film as shown
in Fig. 1.8 Micro dimples with a variety of dimensions
and distributions were pattern machined on to the sur-
face. The size of the dimples was set at 40, 80, or 120 mm
in diameter and area densities of 7.5, 15, or 30%. The
dimple depth was 5 mm for all the dimples. An example
of the form of micro dimple is shown in Fig. 2.9 The
surface of the ceramic samples in the area around the
dimples remained smooth. An example of the pattern of
dimple is shown in Fig. 3.9
2.2. Friction testing method and test conditions

Friction tests were carried out using a block-on-ring
method, which is shown Fig. 4. This testing method
modeled line contact between the ring and the planar
interface, such as is observed in journal bearings. The
ring was made from hardened bearing steel, and the
block was the silicon nitride whose surface was dimpled.
The ring was 35 mm in radius and surface roughness
was less than 0.1 mm Ra. A load was applied normally
to the block, and during rotation of the ring, the friction
generated in the tangentential direction was measured
by a load cell attached behind the block. Friction coef-
ficients were calculated using the load and this measured
friction.
Fig. 1. Abrasive jet machining (AJM) process.
Fig. 2. Appearance of dimple produced by AIM process (diameter 40

m m).
Fig. 3. Example of patterned dimple (dimple diameter 40 mm dimple

density 15%).
Fig. 4. Block-on-ring friction testing.
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Friction test conditions are listed in Table 1. The load
was 50 N, and sliding velocity was varied between
0.018–1.83 m/s. The contact pressure was calculated as
157 MPa for the 50 N load. The sliding contact zone
was fully soaked in lubricant, ester basic oil, whose
temperature was kept at 40 �C throughout the tests. The
viscosity of lubricant oil was 0.012 Pa.s at the test tem-
perature. In order to avoid initial unstable conditions,
each friction test was carried out following a running-in
operation with a load of 99 N, a sliding velocity of 0.018
m/s, and duration of 10 min.
3. Experimental results

The relationship between the sliding velocities and
friction coefficients for the sample with no dimples is
shown in Fig. 5. The friction coefficient was about 0.12
at the lowest sliding velocity, but decreased to about
0.05 at the highest sliding velocity, so it was estimated
these test conditions represent mixed lubrication condi-
tions.
The frictional properties of the samples with a dimple

density of 7.5% are shown in Fig. 6 for different dimple
sizes. Almost all the samples exhibited behavior similar
to that of the non-dimpled surface.
The frictional properties of the samples with the 15%

dimple density at different sizes are shown in Fig. 7. In
the case of 40 and 80 mm dimples, friction coefficients
reduced at the lower sliding velocities. In the case of 40
mm dimples, the friction coefficient was reduced by
about 10% at low sliding velocities, although at high
sliding velocity it became almost the same as the non-
dimpled sample. For the 120 mm dimples, the friction
coefficient was higher than the non-dimpled sample at
all sliding velocities.
The frictional properties of the samples with the dim-

pled density of 30% at different sizes are shown in Fig. 8.
At the lower sliding velocity, the dimpled samples all
exhibited similar behavior, but at the higher sliding
velocity, friction coefficients increased compared to the
non-dimpled.
Fig. 5. Frictional properties of the lapped surface with no dimples.
Table 1

Friction test conditions
Material
Block
 Silicon nitride (Referceram, JFCC)
Ring
 Hardened steel (SUJ2)
Lubricant
 Ester basic oil
Viscosity
 0.012 Pa.s at 40 �C
Test condition
Load
 50 N
Sliding speed
 0.018–1.83m/s
Temperature
 40 �C
 Fig. 6. Frictional properties of surfaces with 7.5% density dimples.
Fig. 7. Frictional properties of surfaces with 15% density dimples.
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4. Discussion

From the results, it was confirmed that in dimples where
the size was less than 80 mm and the density of around
15% can reduce friction. However, even for these dim-
ples, no friction reduction was found at higher sliding
velocity. When the size of dimple was 120 mm, friction
coefficients were the same as the non-dimpled sample at
the lower sliding velocity. However friction coefficients
increased, as the sliding velocity became higher.
The differences observed in the effect of dimpling on

the friction coefficient can be considered to be due to
two competing effects of the dimples.
One positive effect of the dimples was to act as oil

reservoirs. These oil reservoirs assist the formation of a
lubricating film which is pulled in to the contact area
due to viscous flow of the oil as shown Fig. 9. As a
result, friction was reduced.
However, a negative effect of the dimples was to

increase the contact pressure due to the decrease in the
area of the contact surface. The contact areas for both
non-dimpled and dimpled samples after friction test at
50 N are shown in Figs. 10 and 11. The white central
part is the contact area. It can be seen that the width of
the contact area does not change and, therefore, when
the contact surface was dimpled, the load is supported
by a smaller area such that contact pressure and fric-
tion were increased. Considering the effect of the
dimpled density, there appears to be an optimum
value for friction reduction. When the dimpled density
was 7.5%, there was no big change in friction. How-
ever, when the dimpled density was 15%, the friction
was reduced. It is thought that for this density, the
positive effect of oil supply from the reservoirs is lar-
ger than the negative effect of decreased contact sur-
face when dimpled density. However, when the
dimpled density was 30%, the friction was increased.
So it can be concluded there was a limit to the bene-
ficial effect of lubricating oil being supplied to the
contact area, and there was an optimum density dis-
tribution of the dimples. These competing effects are
shown in Fig. 12.
The influence of the size of the dimples was also con-

sidered. When the size of dimple became large, the pos-
sibility that the dimples would be located at the edge of
the contact area would increase, as shown in Fig. 13. In
this situation it would be easy for the oil accumulated
inside the dimples to leak out of the contact area. So the
Fig. 8. Frictional properties of surfaces with 30% density dimples.
Fig. 10. Contact area of lapped surface with no dimple.
Fig. 11. Contact area of surface with dimple.
Fig. 9. Effect of dimple acts as oil reservoirs.
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lubricating oil supplied to the contact area was
decreased, and the friction was increased.
The influence of sliding velocity was considered to be

as follows. When the sliding velocity was low, the
lubricating film, which existed in the contact area,
became thin and the effect on the reduction of friction
by the lubricating oil was large. However, when the
sliding velocity was higher, the lubricating film became
thick, and the lubricating effect was reduced. Under
these conditions, the negative effect of the reduction in
contact area caused by dimpling was the largest influ-
ence, and so the friction was increased.
From the above reasons, it was found that under

these test conditions, the smallest sized dimples with a
density distribution of 15% were most effective for fric-
tion reduction under mixed lubrication conditions.
5. Conclusions

Frictional properties of a micro-dimpled ceramic sur-
face were assessed through block-on-ring tests modeling
line contact conditions. The findings were concluded
as follows.

1. Adding dimples to the sliding surface can lead to

both positive and negative effects. These effects
are dependent on the size and density of the
dimples, and the frictional condition

2. Under the test conditions, dimples with a density

distribution of about 15% and size of 40 mm were
most effective for reducing friction.

3. Under conditions where the lubrication film is

thin, the positive effect of the dimples acting as oil
reservoirs exceeds the negative effect of increased
contact pressure and friction is reduced. How-
ever under conditions where the lubrication film
is thick, the opposite is observed, and no
reduction in friction is observed.
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