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ABSTRACT
For tribological components working under extreme
conditions, such as vacuum, or broad temperature
ranges, it is often a problem to achieve acceptable
durability of their friction parts. Thus, new material
requirements are involved for these tribo-systems, in
particular regarding operability and reliability. At BAM,
several projects were conducted in the recent years,
dealing with the tribological properties of friction
couples at cryogenic temperature and in vacuum
environment. This paper describes the vacuum and ultra
high vacuum tribometers constructed at BAM and
presents experiments carried out with polymer
composites. The experiments presented were performed
with PEEK, filled with solid lubricants, against 304
steel with a pin-on-disc configuration in oscillating
sliding. Friction tests were carried out in vacuum in the
temperature range between -40°C and +160°C and in
ultra high vacuum at room temperature.
1.

INTRODUCTION

For tribological components working under extreme
conditions, such as vacuum environment, or broad
temperature ranges, it is often a problem to achieve
acceptable endurance of their friction parts.
It is well known that tribological systems often are the
limiting factor in spacecraft reliability and performance.
Although the tribological components represent only a
small fraction of the spacecraft's cost, they are potential
causes for single point failures that can render an
expensive satellite totally useless [1].
Promising lightweight candidate materials are selflubricating composites. E.g. PEEK composites are
widely employed for tribological applications in a large
temperature range. Previous studies show that they have
good performance in cryogenic medium, in particular in
liquid hydrogen [2]. Optimal performances were
obtained with the addition of fillers and fibres such as
carbon fibres, PTFE, and graphite.
It is well know that, with his hexagonal crystal
structure, MoS2 is the most widely used solid lubricant
in vacuum environment due to his intrinsic property of
easy shear [3].
At the Federal Institute for Materials Research and
Testing, Berlin, several projects were conducted in the

recent years, dealing with the tribological behaviour of
friction couples in extreme environment [4; 5; 6]. This
paper presents the tribological behaviour of PEEK
composites filled with carbon fibres, PTFE and MoS2,
against 304 steel in high vacuum in the temperature
range between -40°C and +160°C and in ultra high
vacuum at room temperature.
2.

TRIBOMETERS

The test rig for tribological measurements in high
vacuum is shown in Fig. 1 to 3. Fig. 1 is an outline of
the complete apparatus, Fig. 3 a photograph of the
complete device. The samples are mounted inside a
vacuum chamber which can be evacuated to a residual
pressure of 10-5 mbar by means of a turbomolecular
pump. The figure shows the setup for continuous sliding
with a sample configuration consisting of a rotating disc
and two fixed pins. The disc is rotated by means of a
shaft which is driven by servomotor via a belt drive and
vacuum sealed by a ferrofluidic rotary feedthrough. The
drive allows a rotational speed up to 3000 rpm,
corresponding to a maximum sliding velocity of 7 ms-1.
A load up to 500 N can be applied by means of a dead
weight as shown in Fig. 2. VT1 is equipped with a
temperature control with a range between -50 and
+180°C.
For experiments with reciprocating motion the belt
drive can be replaced by a crank drive as shown in
Fig. 2. In the shown configuration a disc is mounted to
the loading unit in the lower part of the vacuum
chamber. The counterpart of the sliding couple is moved
by an arm across the upper side of the disk. It is also
possible to connect the disc to the reciprocating drive
and press two pins against the lower face of the disc,
which is a configuration comparable to the continuous
sliding tests.
During the measurements the normal and friction forces
are continuously recorded by means of strain gauges. In
some cases a piezoelectric sensor is employed for
measuring the friction force. The linear wear is
measured with an inductive displacement sensor.
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Figure 1. High vacuum tribometer VT1

Figure 2. VT1, driving and loading assemblies for reciprocating friction

Technical data VT1:
Sliding mode: continuous or reciprocating
Temperature:
-50 ... 180°C
Residual pressure: ≤ 10-5 Pa
Load:
≤ 500 N
Rotational speed: ≤ 3000 min-1
sliding velocity: ≤ 7 m/s

3.

EXPERIMENTAL

3.1. Test parameters
In high vacuum, tests were performed with a flat pinon-disc configuration in oscillating sliding at 0.1 m/s.
Experiments at 1 MPa were carried out during 20 hours
at room temperature, -40°C, 100°C and +160°C.
Temperature cycles, which began with 20 hours at RT,
followed by 30 min at -40°C, at 100°C and at 160°C,
were also performed at 1 MPa and 7 MPa. Results of
this “temperature cycle” were similar to the ones
obtained after each 20 hour tests, due to the formation
of the transfer film at RT.
In ultra high vacuum, spherical pins were used at room
temperature at 0.01 m/s and 59 MPa initial contact
pressure.
Test parameters are summarised in Tab. 1.
residual
pressure
(mbar)
10-3 ;10-5
10-9

stroke
(mm)

velocity
(m/s)

contact
pressure
(MPa)
10
0.1
1;7
3
0.01
59
Table 1. Test parameters

cycles
115200
500

3.2. Material

Figure 3. High vacuum tribometer VT1
Technical data UHVT:
Sliding mode:
reciprocating
Load:
5 mN to 5 N
Stroke:
3 mm
Frequency:
ca. 0.5 – 1.5 Hz
Temperature:
Room temperature
Residual pressure: 10-10 - 10- 4 mbar

Figure 4. Ultra high vacuum tribometer UHVT

The polymer pins used in these experiments were made
of PEEK composite filled with 10 vol.% carbon fibers,
10 vol.% PTFE and 10 vol.% MoS2. The material was
compounded at the Institute for Composite Materials
(IVW, Kaiserslautern). X5CrNi1810 steel (similar to
AISI 304) discs, with a roughness Ra= 0.2 to 0.3 µm,
were used as counterface.
4.

RESULTS

Results of tribological tests in VT1 at room
temperature in air and vacuum are presented Fig. 4 and
5. Friction and wear rate of the PEEK composite
decreases significantly in vacuum environment at
1 MPa contact pressure compared to air. This decrease,
however, depends strongly on the vacuum since at 10-3
mbar residual pressure, the friction coefficient has a
higher value than at 10-5 mbar.
By increasing the load, the friction coefficient
decreases down to 0.05 to the detriment to the wear
rate.
The influence of the temperature in vacuum
environment is shown in Fig. 6 and 7. The friction
coefficient of the PEEK composite increases
continuously from -40°C to 160°C for both contact
pressures. A very low friction coefficient is reached at
7 MPa and low temperatures (- 40°C). Fig. 7 shows the
wear rate at 1 MPa. Despite a quite high variation of
the results due to the measurement method, relative
low values were recorded over the temperature range.
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Surface analyses of the steel disc confirm the higher
wear of the composite in air compared to vacuum
environment. SEM images (Fig. 8) shows much more
wear debris in air than in vacuum.
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Figure 4. Friction coefficient at RT
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Figure 8. SEM images of the steel counterface at RT
a) in air and b) in vacuum 10-5 mbar

Figure 5. Wear rate at RT
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Figure 6. Friction coefficient in high vacuum
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As seen above, the temperature has a rather significant
influence on the tribological performance of the MoS2
filled PEEK composite. At low temperature, the
deformation of the polymer composite decreases due to
its higher hardness. This produces higher contact
pressure locally. Since the performance of MoS2
improves at high contact pressure, this can explain the
lower friction coefficient at -40°C.
The experiments performed at higher contact pressure
confirm the phenomena. The friction coefficient of the
MoS2 filled composite decreases at 7 MPa. This
corresponds to a higher concentration of MoS2 at the
surface of the composite at higher load as indicated in
the EDX images (Fig. 9).
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Figure 9. EDX analyses of PEEK composite B after
test at RT in vacuum 10-5 mbar at contact pressure of
a ) 1MPa and b) 7 MPa

6.
Friction behaviour of the PEEK composite was
investigated in ultra high vacuum at 0.01 m/s. Results
indicate high static friction and distinct stick slip
behaviour under these conditions with a relatively
higher average friction coefficient than in high vacuum
(Fig. 10). The influence of the load on friction is
slightly noticeable with lower values at 10 N than at
5 N. The reproducibility of the curves is remarkable.
5N

10N
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Figure 10. Friction coefficient in ultra high vacuum
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5.

CONCLUSIONS

PEEK composite filled with 10% CF, 10% PTFE and
10% MoS2 was investigated in high and ultrahigh
vacuum environment. Particularly, in the lower
temperature range and at higher loads the composite
show low friction coefficient in high vacuum. The
performance of the composite is, however, limited at
low velocity and in 10-9 mbar, where high static friction
is observed.
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