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ABSTRACT
To develop a long-life ball bearing with low frictional
torque, the authors investigated a new structural ball
bearing unit. The ball bearing unit is composed of oillubricated hybrid ceramic bearings using silicon nitride
balls and a passive oil feed system, which is expected to
supply lubricant oil into the bearing contacting parts
through the retainer guiding land from oil-impregnated
porous material.
This paper describes the evaluation results of a ball
bearing equipped with silicon nitride balls, which
changed the method of finishing the inner and outer
raceways, in order to examine ways to bearing wear
resistance. It then discusses the effectiveness of the
passive oil feed system in supplying lubricant oil into
the ball bearing.
1.

INTRODUCTION

1.1. Background
Nowadays, the operational life of artificial satellites
must be extended in order to reduce launch costs and
prolong the term of missions. The Japan Aerospace
Exploration Agency (JAXA) is now aiming for an
operational service life of 12 years for Earth orbiting
satellites. Many rotary devices such as reaction wheels
and antenna drive mechanisms use ball bearings
lubricated with oil or grease. In most cases, the
lubrication life of such ball bearings dictates the
operational life of those rotary devices. Therefore, the
development of a long-life ball bearing is recognized as
being essential for use in various rotary devices
mounted on a satellite. And as the positioning accuracy
of various sensors used for communication and
observation missions has been increasing year by year,
ball bearings also require low and stable frictional
torque.
It is well known that hybrid ceramic bearings having
silicon nitride (Si3N4) balls offer excellent wear
resistance and seizure resistance. Hybrid ceramic

bearings for use in space devices have recently attracted
attention. (1) The silicon nitride ball is designated to
improve the wear resistance between the balls and rings
under a boundary or mixed lubrication regime.
In oil- or grease-lubricated ball bearings for space
applications, the amount of lubricant is usually
restricted to reduce viscous friction and its evaporation.
Thus, grease-lubricated bearings generally have a longer
life than bearings lubricated with minimum quantity oil,
though at higher torque. In oil-lubricated bearings, to
extend the life while maintaining low frictional torque,
appropriate amount of oil must be kept in the bearings
for a long time period. As a technique for extending the
life of ball bearings, some lubricant oil feed systems
have been devised for space applications. (2), (3) Oil feed
systems can be classified as passive or active lubrication
systems. The active lubrication system has the
advantage of supplying lubricant oil into the bearings at
any time, but it usually entails a complicated structure
and requires an external power supply. Conversely,
should oil-lubricated ball bearings maintain minimum
quantity oil for a long term using a passive oil feed
system, such low-torque, long-life and user-friendly ball
bearings will probably be implemented instead of
grease-lubricated ones.
1.2. Objective
The objective of this research is to improve the wear
resistance of ball bearings and devise a method of
supplying oil into the bearings, so as to achieve oillubricated ball bearings offering a long life and low
frictional torque.
2.

DEVISED BALL BEARING UNIT

Fig. 1 shows the structure of the ball bearing unit (BBU)
devised in this study. The BBU consists of a duplex ball
bearing and a passive oil feed structure, which also has
the function of an outer ring spacer for adjusting
position preload. The passive oil feed structure
comprises porous bodies impregnated with lubricant oil
as a reservoir and grease reservoirs. The oil-
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impregnated porous body is also expected to prevent oil
migration and dispersion from the grease reservoir
under launch vibration. One side of the retainer’s inside
surface is guided by the outer ring spacer.
Fig. 2 shows the migration of lubricant oil in the passive
oil feed system. The paths of lubricant oil migration can
be divided into the following three simple paths:
1. Oil migration from a porous body to grease
2. Oil migration from a porous body to a sliding
surface
3. Oil migration into the bearing
Lubricant oil in reservoir’s grease and porous body is
designated to be supplied directly to the retainer guide
portion through grease initially spread on the guiding
surface before finally migrating into the bearing.
Outer ring spacer

Grease reservoir

Outer ring
Retainer
Ball
Inner ring
Oil-impregnated porous body
Inner ring spacer

Figure 1. Structure of the ball bearing unit
devised in this study
Oil migration path

Guiding land

Grease on guiding surface

Figure 2. Lubricant oil migration in the
passive oil feed system
3. HYBRID CERAMIC BEARING – FRICTIONAL
TORQUE & WEAR CHARACTERISTICS
Some hybrid ceramic bearings without a passive oil feed
system were manufactured and evaluated in terms of
frictional torque and wear resistance.
3.1. Test Method
Angular contact ball bearings 7000C were used in this
test. Tab. 1 lists the specifications of the test bearings.
The balls of bearing Nos. I, II and III are made of Si3N4,

and the surface roughness and finishing method of the
inner and outer ring raceways were changed. Fine
particle peening is applied to the raceway of Nos. III
and IV for polishing. No. IV has the same raceway
finish as No. III and its balls are made of 440C stainless
steel for a comparison with the Si3N4 balls. To lubricate
the bearings, a hydrocarbon-based synthetic oil was
used, and the amount of oil was reduced by centrifugal
separation in advance. In addition, oil was impregnated
in a vacuum in a cotton-based phenol retainer.
Fig. 3 shows a schematic diagram of the bearing tester.
A pair of test bearings was assembled in the holder, and
then a preload of approximately 20 N was applied. The
inner ring of the test bearing installed in the vacuum
chamber was rotated through magnetic coupling by a
motor. The frictional torque for both bearings during
rotation was measured by using the load cell to stop the
rotation of the outer ring (bearing holder), and
converting the resistance force into torque. The
temperature of the bearing was measured with a
thermocouple attached to the top of the holder. In the
bearing tester, it is possible to conduct a rotation test
while cooling the bearing by circulating antifreeze (30 °C) inside the cooling shroud. It is also possible to
conduct a rotation test under high temperature by
attaching a heater to the holder.
Tab. 2 lists the test conditions. For each bearing (Nos. I,
II, III and IV), the frictional torque was measured by
changing the rotational speed, ambient pressure, and
temperature. Because the test equipment shown in Fig. 3
mainly cools the bearings using natural convection of
air, the low temperature test was not conducted in a
vacuum. Following the test under the conditions listed
in Tab. 2, a rotation test at 6000 r/min in a vacuum at
room temperature was conducted for 24 hours for Nos. I
and II, 10.5 hours for No. III and 2.5 hours for No. IV.
After the test, the appearance of the bearing was
observed by using an optical microscope and a scanning
electron microscope (SEM).
Table 1. Specifications of the test bearings for
evaluating frictional torque and
wear characteristics
Bearing No.
I
II
III
IV
Dimensions
Tolerance class
Race
Material

Ball

Retainer
Raceway surface
roughness, Ra m
Raceway finishing
method

Bore: 10 mm
Outside diameter: 26 mm
Width: 8 mm
JIS P4 (equivalent to ABEC 7)
440C stainless steel
440C
Si3N4
SS
Cotton-based phenol
0.02
0.01
0.01
0.01
m
m
m
m
Fine particle
Machining
peening

Vacuum chamber
Cooling shroud

A pair of test bearings
Magnetic coupling
Motor

Load cell

Holder with thermocouple & heater

Figure 3. Schematic diagram of the bearing tester
3.2. Test Results
Fig. 4 shows the measurement results of frictional
torque in bearing Nos. III and IV. The mean torque
during rotation is plotted on the vertical axis and the
rotational speed on the horizontal axis. For bearing No.
III in Fig. 4 (a), at room temperature, the frictional
torque characteristic is almost flat against the change in
rotational speed. This is thought to be a characteristic of
bearings lubricated by minimum quantity oil, based on
the author’s experience. Compared to the results at
room temperature, the frictional torque is high overall at
low temperatures, but at high temperatures it has about
the same torque value as at room temperature, except in
the low speed range. The frictional torque
characteristics of Nos. I and II were almost the same as
those of No. III. The torque-temperature dependence of
Nos. I to III is also considered to be affected by the
change in preload due to the difference in coefficient of
linear thermal expansion between the Si3N4 balls and
the inner and outer rings. The frictional torque of
bearing No. IV having 440C stainless steel balls was
higher as a whole compared with that of bearings with
the Si3N4 balls.
Fig. 5 shows the appearance of the balls; Fig. 6 shows
the inner ring raceway surface of bearing Nos. III and
IV after the test. In the silicon nitride balls of No. III,
the rainbow surface of the lubricant oil is visible on the
surface, indicating the formation of a thin film of oil.
Conversely, the surface of No. IV is rough. The inner
ring raceway surface shows a very thin rolling contact
scar in No. III, but in No. IV, a discoloured dark rolling
contact scar can be confirmed as shown in Fig. 6. In
addition, the rolling contact scars in Nos. I and II are
slightly darker than that of No. III, though the rotation
times of Nos. I to III are not equal. Therefore, reducing
the raceway surface roughness by fine particle peening
may be effective in reducing the initial wear.
Fig. 7 shows the SEM observation results of the rolling

contact surface of the No. III and IV inner rings. For the
No. III inner ring, the initial peening surface remains,
although a small indentation is observed. Conversely,
for the No. IV inner ring, although the peening surface
partially remained, the surface condition was changed.
It is thought that contact between the ball and the inner
ring occurred due to a lack of oil under lubrication using
minimum quantity oil and the surface condition changed
due to wear of the rolling contact surface and an
accumulation of wear debris.
Table 2. Test conditions for evaluating frictional torque
and wear characteristics
Item
Rotational
speed, r/min
Rotational
direction
Test duration

Test
environment

Conditions
100, 500, 1000, 2000, 3000, 4000, 5000,
& 6000
Clockwise & counterclockwise
10 min at each rotational speed
(1) In N2 gas (atmospheric pressure) &
room temperature (22 °C)
(2) In N2 gas (atmospheric pressure) &
low temperature (0 °C)
(3) In N2 gas (atmospheric pressure) &
high temperature (60 °C)
(4) In vacuum (about 30 Pa) & room
temperature (22 °C)
(5) In vacuum (about 30 Pa) & high
temperature (60 °C)

●: CW, in N2 gas & room temperature (22 ºC)
×: CW, in N2 gas & low temperature (0 ºC)
▲: CW, in N2 gas & high temperature (60 ºC)
○: CW, in vacuum & room temperature (22 ºC)
△: CW, in vacuum & high temperature (60 ºC)

(a) Bearing No. III

(b) Bearing No. IV

Figure 4. Mean frictional torque vs. rotational speed

Si3N4 ball

440C stainless steel ball

0.5 mm

was discolored blue, and it was confirmed that oil
migrated from the porous body to the grease. And
because the grease brought into contact with the filter
paper is more discolored, more oil is considered to be
supplied from the porous body as oil content in the
grease decreases.

0.5 mm

Retainer

(a) Bearing No. III

(b) Bearing No. IV

Filter
paper

Figure 5. Appearance of balls after the test
Rolling contact scar

Rolling direction

Figure 8. Test results of oil migration from
porous body to grease
0.5 mm

(a) Bearing No. III

0.5 mm

(b) Bearing No. IV

Figure 6. Raceway of inner rings after the test

5 m

(a) Bearing No. III

5 m

(b) Bearing No. IV

Figure 7. SEM images of inner ring raceway
after the test
4. VERIFICATION OF OIL SUPPLY
MECHANISM
This chapter discusses the oil supply mechanism shown
in Fig. 2 following fundamental experiments and
bearing rotating tests.
4.1. Oil Migration from Porous Body to Grease
In order to confirm the migration of lubricant from the
porous body to grease, grease using low-vapour
pressure hydrocarbon synthetic oil as the base oil and
the porous body were brought into contact with each
other, and the migration of oil was observed. To
discriminate the movement of oil from the porous body,
the porous body was impregnated with a grease base oil
to which a blue dye was added. Of the greases brought
into contact with both sides of the porous body, filter
paper was brought into contact with one side to simulate
a reduction in oil content during operation. Fig. 8 shows
the test results. After 242 hours, the grease on both sides

4.2. Oil Migration from Porous Body to Sliding
Surface
It was evaluated whether oil migrated from the porous
body through grease to the sliding surface. Fig. 9 shows
the structure of the testing machine. The lower and
upper test pieces were attached to the fixed side and
rotation side, respectively, with the porous body being
fixed on the lower test piece. The clearance between the
porous body and the upper test piece was also made
equal to the gap between the porous body shown in Fig.
2 and the end face of the retainer. The load is applied
vertically upward from the bottom of the lower test
piece, and at rotation, the three protruding parts of the
upper test piece slide with the lower test piece.
The upper test piece has an outer diameter of 29 mm, an
inner diameter of 23 mm, and a height of 10 mm, with
three protrusions having identical widths of 6 mm
circumferentially. The lower test piece was a flat plate
having an outer diameter of 35 mm and a thickness of
10 mm. The material of the upper and lower test pieces
was made of bearing steel, and the surface roughness of
the sliding surface was processed to Ra 0.2 to 0.3 m.
The porous material was the same as shown in Fig. 8
(i.e. polyethylene, outer diameter 21 mm, inner
diameter 16 mm, width 5 mm) and impregnated with
grease base oil.
Tab. 3 lists the test conditions. The grease used in
Section 4.1 was applied to the surface of the lower test
piece, and the upper test piece was tested twice in the
degreased state with and without the porous body. The
vibration acceleration was measured at the end face of
the lower piece, and then lifetime was judged when the
vibration acceleration reached 3 times the initial value.
The test was stopped after 115 hours unless an

abnormality occurred.
Fig. 10 shows the change in vibration acceleration
during the friction test. When the porous body was not
installed, the initial vibration acceleration was about 0.5
m/s2, and then reached a value 3 times the initial value
at 20 hours and 24 hours. In contrast, when the porous
body was installed, the vibration acceleration remained
stable for a long time; as a result, the test was stopped at
115 hours.
Table 3. Test conditions for evaluating oil migration
from porous body to sliding surface
Item

Conditions
3.6
1000
6.7
25
3 times
the initial vibration

Load, N
Rotational speed, r/min
Contact pressure, MPa
Temperature, °C
Life criterion

Porous body

Figure 9. Thrust type friction testing machine

Vibration acc., m/s2

Vibration acc., m/s2

Fig. 11 shows the lower test piece sliding surfaces after
the test. When the porous body was not installed, sliding
scars were observed around the entire circumference of
the sliding surface, but when the porous body was
installed, sliding scars were not observed and the
lubricating condition was confirmed as being good. This
is because oil was supplied from the porous body to the
sliding surface. Oil is also considered to be supplied
from the porous body to the retainer guiding surface in
the bearing as shown in Fig. 2.

Figure 10. Vibration acceleration during friction test

Figure 11. Lower test piece surfaces after
friction test
4.3. Oil Migration into Bearing
Whether lubricant oil moves from the retainer guiding
surface to inside the bearing was evaluated. In the
testing machine (description omitted), the inner ring of
the sample bearing was rotated by a motor and a load in
the axial direction was applied to the bearing. Tab. 4
lists the test conditions. For the sample bearings, the
bearing shown in Fig. 2 (excluding the porous body)
was used, and minute amounts of oil having the same
viscosity as the grease base oil used in Section 4.1 were
applied in advance to the raceway surfaces of the inner
and outer rings. In addition, the retainer was
impregnated with the same oil, and the balls and spacers
were assembled in a degreased state and tested. In the
test, a very small amount of oil was dropped from
outside of the bearing to the vicinity of the outer ring
spacer guide surface, and the movement of oil was
observed after 8 hours of continuous operation.
In order to discriminate oil dropped from the outside,
the dropping oil was mixed with a phosphorescent dye
that emits green light when irradiated with ultraviolet
rays. Fig. 12 shows the appearance of the bearing
irradiated with ultraviolet rays before and after the test.
As shown in Fig. 12 (b) and (c), green luminescence
was observed on the retainer end surface, ball surface,
and raceway surface, and it was confirmed that lubricant
oil on the outer ring spacer guide surface moved inside
the bearing.

of lubricant oil in the bearings hardly increased in test II.
Table 4. Test conditions for evaluating oil migration
into bearing
Item

Conditions

Test bearing size
(Inner diameter × Outer diameter × Width)
Axial load, N
Rotational speed, r/min
Test time, h
Temperature, °C
Inner ring, mg
Outer ring, mg
Oil supply
quantity
Retainer, mg
before test
Retainer guide surface,
mg

10×26×8

20
100
8
25
1.2
1.8
8.7
0.1

Figure 12. Appearance of bearing with UV light

The increased amount of lubricant oil in the bearings is
considered related to the fluctuations in torque shown in
Fig. 13 (a). In other words, the increase in lubricant oil
between the balls and ring raceways induces an increase
in torque. In Fig. 13 (b), a slight change in the amount
of lubricant oil in the bearings results in a trend of stable
frictional torque. In addition, a smaller initial amount of
lubricant in the grease reservoir and porous body tends
to result in less lubricant supply and fluctuations in
torque. Therefore, the initial amount of lubricant in the
grease reservoir and porous body must be optimized in
order to stabilize the frictional torque.

(a) Test I, 143 hours

5. BEARING PERFORMANCE
This chapter discusses the trend in frictional torque of
the BBU.
5.1. Trend in Frictional Torque
The frictional torque of the BBU was measured at a
rotational speed of 100 r/min and at room temperature
in a vacuum. The test bearing size and its axial load
(position preload) were same as listed in Tab. 4, and the
bearing tester shown in Fig. 3 was also used. The
amount of lubricant was measured before and after the
test, in order to clarify whether lubricant oil could be
supplied into the bearing. Then two cases of rotating
tests I and II (having different test durations and initial
amounts of lubricant in the grease reservoir and porous
body) were conducted.
Fig. 13 shows the trend in frictional torque. In test I, the
frictional torque initially increased and fluctuated
throughout the test. Conversely, in test II, the frictional
torque remained almost stable for 96 hours. Tab. 5 lists
the measurement results of the amount of lubricant. The
increased amount of lubricant in the bearings due to the
rotating test is obtained from the difference between the
amounts measured before and after the test. The
lubricant in the bearings obviously increased after test I.
This means that the passive oil feed system supplies
lubricant oil into the bearings. Conversely, the amount

(b) Test II, 96 hours
Figure 13. Trend in frictional torque measured at
rotational speed of 100 r/min and
at room temperature in a vacuum
Table 5. Measurement results of the amount of lubricant
Item
Increased amount of
lubricant in bearings
due to rotating test
(measured each bearing
in duplex pair)
Total
amount
of
lubricant in grease
reservoir and porous
body

Test I

Test II

5.5 mg
4.5 mg

0.7 mg
0.1 mg

Before test:
772.7 mg
After test:
748.9 mg

Before test:
735.2 mg
After test:
732.8 mg

Table 7. Life test conditions

5.2. Life Test (ongoing)
The in-vacuum rotating test of the BBU is now being
conducted to examine its torque trend and life. At the
same time, a duplex pair of grease-lubricated bearings
has been rotated for comparing torque characteristics.
Tab. 6 lists the specifications of the test bearings for the
life test. Both the BBU and the grease-lubricated
bearings are hybrid ceramic bearings using Si3N4 balls.
For the grease-lubricated bearings, the retainer is guided
with an inner ring on both sides. Tab. 7 lists the life test
conditions. Assuming relatively low rotational speed
devices, the rotational speed of 100 r/min was adopted.
The lubricant oil used in the BBU is synthetic
hydrocarbon oil. The grease reservoir and greaselubricated bearings use synthetic hydrocarbon oil and
grease based on a urea thickener. The porous bodies
were impregnated with oil of about 80 % by mass. This
oil content in porous bodies is determined based on the
results given in Section 5.1 for preventing excess oil
supply into the bearings.
Fig. 14 shows the trend in frictional torque of the BBU
and grease-lubricated bearings during the initial 100
hours of the life test. The BBU shows less and stable
frictional torque compared with the grease-lubricated
bearings at the early stage of the life test. The
superiority of the BBU to grease-lubricated bearings in
terms of frictional torque will be evaluated through the
life test.

Table 6. Specifications of test bearings for life test
Bearing type

Dimensions
Tolerance class
Race
Material Ball
Retainer
Raceway surface
roughness, Ra m
Preload
Retainer
type

guiding

Oil feed system

Greaselubricated
BBU
bearing
(duplex pair)
Bore: 10 mm
Outside diameter: 26 mm
Width: 8 mm
JIS P4 (equivalent to ABEC 7)
Equivalent to 440C stainless steel

Si3N4
Cotton-based phenol
0.01 m
(by fine particle peening)
20 N (position preload)
Outer ring
Inner ring
spacer guiding
guiding on both
on one-side
sides
Fig. 2
None

Bearing type
Rotational
speed, r/min
Temperature, °C
Environmental
pressure, Pa

Initial amount
of lubricant, mg

: BBU,

Grease-lubricated
bearing

BBU
100
22

less than 10-3
Oil in each bearing
including retainer
impregnation:
20.8 & 17.8
Grease reservoir
and porous body:
797.3

Grease in each
bearing:
27.8 & 27.8
Retainer
impregnation:
14.9 & 16.9

: Grease-lubricated bearings

Figure. 14 Trend in frictional torque of the BBU
and grease-lubricated bearings
during initial 100 hours of life test
6. CONCLUSIONS
In order to extend the life of ball bearings for space
applications, ways to improve the wear resistance of
bearings and the method of supplying oil to the bearings
were studied. The results are summarized below.
1) Bearings were fabricated by changing the materials
of the balls and the method of finishing the inner
and outer raceway surfaces, and frictional torque
characteristics and wear conditions were compared
and evaluated. As a result, it was found that
although the frictional torque of the bearing using
the silicon nitride balls is dependent on temperature,
it has higher abrasion resistance under a vacuum
and minute oil lubrication compared to the balls
made of 440C stainless steel. It is also effective to
improve wear resistance by using fine particle
peening to reduce the roughness of the raceway
surface.
2) The effectiveness of the bearing structure using the
porous body as the oil reservoir as the lubricant oil
supply mechanism was confirmed. Oil was
confirmed to migrate from the porous body to the
grease and from the porous body to the sliding
surface. Moreover, oil supplied to the outer ring
spacer guide surface reaches a portion where

lubrication inside the bearing is necessary as the
bearing rotates.
3) The trend in frictional torque of the BBU under
rotation at the rotational speed of 100 r/min and at
room temperature in a vacuum was measured. The
trend in frictional torque is affected the amount of
lubricant oil supplied from the passive oil feed
structure.
4) In the bearing structure in which the porous body is
used as an oil reservoir, the supply mechanism of
lubricant oil functions effectively, and a long
bearing life can be expected. Furthermore, the lowtorque ball bearing can be implemented by
optimizing the initial amount of lubricant in the
grease reservoir and porous body.
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