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ABSTRACT
This paper reports on the friction behaviour of PFPEPTFE based space greases at very slow speeds over long
test bearing operation. First, low-speed friction behaviour
observations scattered in various publications are
reviewed. Second, a schematic of the experimental setup
to measure bearing friction at low speed is presented.
Next, the results are shown for various operational
profiles, where one of the most interesting measurements
is the bearing friction profile evolution over long
duration. Final lesson learned is that the mechanism
designer has to consider the temporal evolution of
bearing friction as a design variable for optimal operation
of the precise pointing mechanism.
INTRODUCTION
Precise pointing mechanisms are used in optical
instruments to direct the optical beam in multiple degrees
of freedom. One example of such mechanism is the
Coarse Pointing Assembly (CPA) [1,2] that points the
Laser Communication Terminals (LCT) line-of-sight
towards a counter terminal on another satellite or at a
ground station within micro-rad precision.
Required optical precision and satellite trajectories
translate to the precise slow actuation of the drive unit.
CPA mechanism is mainly operating in boundary
lubrication regime so a non-PFPE lubricant is preferred
[2], but depending on a lower operational temperature
requirement only PFPE solution may be suitable. PFPE
greases have known issues with a nonstationary friction
increase at slow speeds [3,4]. Predicting such tribological
behaviour of the PTFE-thickener based grease remains
difficult because it greatly depends on the thickener
mechanical and chemical properties [5]. Analytical
modelling of the lubrication using Discrete Element
Method (DEM) [5] has given some insight in recent years
but the analytical approach is still not generally
applicable. Testing, on the other hand, could reveal
grease problems already at an early design stage.
The present study aims to experimentally evaluate the
impact of the time-varying grease friction on the
performance of the precise pointing mechanisms. First
part of the study analyses bearing behaviour within
operational cycle at a constant operational speed. Next, it
is demonstrated that under certain operational conditions
the friction in the boundary lubrication regime could be
several-fold larger than normally expected. Moreover,
certain operation profiles of a mechanism could influence
the friction build-up after abrupt motion stop and also
over several rotation cycles. Visco-elastic effects show

up. Last part of the study describes the development of
peak friction over several 100 test cycles - 3 months of
bearing operation. Furthermore a diluted grease is
introduced with the idea to influence visco-elastic
properties of friction response.
EXPERIMENTAL SETUP
The test bench was composed of a 560 mm diameter
precision air-bearing table on a heavy and stiff granite
block. The air-bearing table is motorized and equipped
with very-high-resolution absolute optical encoders with
a resolution of < 0.004 arcsec and a relative positioning
error of < 0.05 arcsec. The rotating part of the Test
Bearing (TB) was fixed on the air-bearing table and the
stationary part of the TB was fixed relative to the granite
bench over torque measuring lever (Fig. 1). Precise
piezoelectric force sensor (Kistler 9217A) together with
signal conditioner (Kistler 5015A, sample rate: 100 Hz,
low-pass filter: 10 Hz) was used to measure the friction
torque. Measurements are recorded in LabView under
various conditions (acceleration, angular velocity,
position trajectory), so that TB friction torque can be
characterized to determine the bearing operating limits.
Experimental setup was placed in an ISO 7 clean room
that can be regarded as a well-defined and stable
environment.

Figure 1: Bearing test bench

Bearing
New double-row hybrid angular contact ball bearing with
a defined hard preload and a diameter suitable for CPA
application was used as the representative test bearing.
Bearing ABEC class was suitable for precision required
for typical lasercomm CPA. Before each test the bearing
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was cleaned, greased and subjected to an initial run-in
procedure with 400 revolutions at speeds between 5 and
10 rpm.
Lubricant
Lubricant used in the test programme is Castrol Braycote
601EF grease thinned with Castrol Brayco 815Z base oil
in various mass proportions. Where not explicitly stated,
a ratio of 10 parts grease to 4 parts base oil was used.
Amount (mass) of the grease was kept constant for all
bearing tests.
Test Cycle
The test cycle for bearing was developed from the CPA
operational envelope and ongoing research at Synopta. It
was found that the presented test cycle initiates formation
of the friction peak (explained later) in a very
reproducible way. The cycle consisted of 2 revolutions at
0.1°/s CCW and 2 revolutions at 25°/s CW. Rotating the
bearing at 25 °/s temporarily resets the friction build-up.

RESULTS
Fig. 2 shows a typical friction profile (torque-time) of a
test cycle. We observe increase of bearing friction over
first 800 s of the test cycle to the peak value after 900 s.
After the peak value is reached, the friction starts to drop
until the end of the cycle (shear-thinning effect).
Negative force value indicates the rotation direction
reversal. Looking carefully at the friction evolution after
the direction reversal (and speed increase).

Figure 3: Typical friction profile over the test cycle

Fig. 3 shows friction profile evolution for a bearing after
reset state (more than 100 revolutions at 25 °/s) over 7
test cycles. It is clear that the peak friction amplitude
develops only after several cycles. If we concentrate on
the beginning of each cycle, we see that the transition
time from low to high friction decreases – the result
indicates that the reset part of the cycle at high speed (25
°/s) is not long enough and subsequently the grease is not
fully relaxed.
Long duration test
Test bearing was subjected to a long duration test to
observe any peak friction changes. Experimental setup
was left running unattended for about 3 months. At
irregular intervals (several 10 test cycles) the friction was
measured and peak value was extracted. Fig. 4 shows
measured temporal evolution (fluctuation) of bearing
friction peak values over 600 test cycles. No clear trends
are observable except slight decrease of peak friction
towards the end of
the long duration
test. Peak values
fluctuate with a
factor of 2 between
highest and lowest
measured
peak
friction. Measured
friction fluctuations
indicate
nonuniform
grease
redistribution within
each cycle – the
redistribution of the
grease within the
bearing is mainly
occurring during the
high-speed phase of
the test cycle.

Figure 2: Friction peak evolution over several cycles
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Fig. 6 shows friction
temporal evolution
of
the
diluted
lubricant over 9.5
cycles.
Five
interesting effects
could be observed.
First
and
most
evident is decrease
of the peak value.
Second, the slope of
the peak friction
build-up
is
decreasing
over
time. Third, each
new cycle begins
with newer friction
offset. Fourth, is the
build-up of the
second peak within
Figure 4: Peak friction evolution over 600 cycles
the test cycle. Fifth
and a final effect is
Grease Dilution
the change in the reverse direction peak value that is
slowly decreasing over time.
Observed visco-elastic effects leads towards question:
“To what extent can we change the friction profile by
changing visco-elastic properties of the lubricant?”. The
CONCLUSIONS
mixing ratio between grease and base oil was pushed
towards oil-rich mixture with 1 part grease and 10 parts
Measurements presented here show that the ratio
oil.
between the grease (PTFE filler mixed with base-oil) and
Fig. 5 shows the last 3 test cycles with 10:4 lubricant and
the base-oil determine the visco-elastic properties of the
the first 3 test cycles with diluted 1:10 lubricant (with the
grease. In ideal case, we could predict the friction profile
additional run-in in between for a newly regreased
for this boundary lubrication regime with the help of
bearing). Peak amplitudes are unchanged whereas the
visco-elastic theory. Limiting factor is the identification
after-peak visco-elastic relaxation is faster.
of grease visco-elastic properties. On the other hand,
visco-elastic
properties could be
used to specify the
grease
(e.g.:
preparation
of
grease to obtain
specific relaxation
modulus).
Lesson learned is
that the mechanism
designer has to
consider the viscoelastic evolution of
slow-speed friction
as an additional
variable for optimal
design of the precise
pointing mechanism
for
PFPE-PTFE
based lubrication.
Figure 5: Friction profile of diluted Braycote
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Figure 6: Evolution of friction for diluted Braycote
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