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This research presents the current results of
an ongoing program to develop advanced
perfluoropolyether (PFPE) lubricants for
demanding space mechanism applications.
This program is being worked on in multiple
stages to characterize and improve the
material properties of PFPE lubricants for
space mechanisms. The target properties for
improvement include wear, outgassing,
corrosion, temperature stability, and
durability. The results of all testing will be
compared to traditional space mechanism
lubricants including Nye Rheolube 2000,
Braycote 601EF, and Maplub. The reporting
of this programs current progress will include
bearing life testing, mixed lubrication
scuffing wear, outgassing, and spiral orbit
tribometry (SOT).
The results of this work highlights
advancement in the development of new
PFPE lubricants and anti-wear additives for
high
vacuum
applications.
These
improvements include improved durability
illustrated though bearing life, SOT, and
scuffing tests. These advancements in antiwear technology for PFPE's highlight
advanced tribological performance which
will extend the operating limits, robustness,
and life durability of PFPE lubricants.
1.0 Introduction
Space exploration is fueled by our desire to
understand the unknown and to learn more
about the universe. The last several decades
have seen the technology for space
mechanisms advance and become more

complex as we extend humanity’s reach
deeper into space and the great unknown.
With the further exploration of space, new
materials are needed which are up to the task
of these long missions and can survive the
rigors without fail. These requirements for
these new materials include high durability,
low power consumption, and stability when
faced with various environments including
high vacuum and radiation.
With the increasing number of space
mechanisms being developed and launched
as well as the increasing length of mission
time required, it is critical to have a robust
design with high reliability. As every
mechanism on a spacecraft contributes to the
overall mission success, if one mechanism
fails, years of hard work could be lost. The
ability to service or replace mechanisms
during extended space missions is often
difficult, if not impossible. To enable longer
missions and ensure success, engineers &
scientists need to carefully consider the
expected life and reliability of their
mechanisms. To improve the reliability, it is
necessary to have long lives for all the
components in the design. This will require
that the lubricants used for space mechanism
environments must to also improve.
There has been use of PFPE fluids and
lubricating greases with spaceflight history
but to meet the needs for the future high
vacuum space mechanisms, improved
tribological
performance
is
needed.
Innovation in this area has been limited but
recently, several new PFPE materials have
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been developed by Nye Lubricants, Inc and
The Chemours Company which show
promise to help meet the current and future
goals extended life, improved durability, and
greater reliability in space mechanism
design.
2.0 Scope of Work:
The following work was covered in this
research.
•

•

Fluid Lubricant Evaluation: The
performance of three PFPE lubricants
were performed included a heritage
material Castrol 815Z and NyeTorr
6301-LVP, and the newly introduced
NyeTorr 5351.
Grease Lubricant Evaluation: The
grease counterparts to the materials in
the fluid evaluation (Braycote 601EF,
NyeTorr 6300, and NyeTorr 6350EL)
were tested under various conditions.
In this evaluation, a new product from
The Chemours Company called
Krytox 182FPG was also evaluated.

3.0 Testing Apparatus:
3.1 Spiral Orbit Tribometer:
The Spiral Orbit Tribometer (SOT) is a single
contact simulation that replicates Angular
Contact Ball Bearings in a semi-starved
lubrication mode while under vacuum. It is
simply a ball held between two parallel plates
which essentially makes it a thrust bearing.
The SOT utilizes two flat, concentric discs
between which a ½” lubricated ball rolls and
pivots during test operation. A very small
amount of lubricant, approximately 50μg, is
applied to the ball to ensure the system
operates in the boundary lubrication regime,
providing a fast and efficient screening
method of lubricant performance. The upper

disc applies a load which can be varied
depending on the desired Hertzian Contact
Stress (material, load, and ball diameter
dependent). The load is applied via an
external pneumatic piston through a vacuum
rated linear bellows- style feed through. Inline of this load vector, within the chamber,
resides a load cell which provides real-time
feedback of the applied load throughout the
duration of the test. The lower disc rotates at
a selectable speed, dependent on the test
conditions. This rotational motion is
transferred through a vacuum rated Ferro
fluidic rotary feedthrough capable of
handling an axial load of 190lbs. A beltdrive connects the Ferro feedthrough to an
external servo motor capable of speeds up to
300RPM.
During test operation, the lack of a ball
retainer allows the ball to orbit in an opening
spiral pattern whose orbit radius continuously
increases throughout the course of one
revolution of the bottom sample disc. Since
there is no retainer, if this orbit was left
unchecked, it would result in the ball orbiting
out of the two parallel sample discs, causing
the two plates to contact each
other. Fortunately, as the ball reaches the
completion of each revolution, it is pushed
back into its original orbit radius by
contacting what is known as the guide
plate. The test is initiated with the sample
ball touching the guide plate, which sets the
initial orbit radius, and is adjustable. The
guide plate is oriented in a position such that
it contacts the center of the ball on each
revolution. Attached to the guide plate is a
charge amplifier force transducer. This force
transducer measures the reactionary force
required for the ball to be scrubbed back into
its initial orbit diameter. This location
throughout the orbit is identified as the scrub
region. As the lubricant becomes consumed
or degrades, this force will naturally increase.
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applied tribological test and is used to
measure the expected life of rolling element
bearings in variable speed, load, and
temperature conditions. In this test, the
friction is not measured directly but is known
to cause an increase in torque and heat which
precedes the degradation and failure of the
lubricant. The capabilities of this instrument
allow it to run up to 25,000 RPM, 1,800 N
Radial Load, 1,100 N Axial Load, and a
temperature range of 20-230ºC. This test is
very useful in determining the operational
temperature limits and predicted lifetime of
lubricating greases.
Figure 1. Spiral Orbit Tribometer
mechanisms, Image courtesy of Spiralab

3.2 Vacuum Stability:
Vacuum Stability testing to NASA SP-R0022A was performed on all samples to
measure the Total Mass Loss (TML) and
Collectable Volatile Condensable Matter
(CVCM) under high vacuum.
3.3 Wear and Load Capability Testing:

3.1 R0F+ Bearing Life:

To investigate the load carrying capability of
a lubricated tribological contact as well as the
wear rates of the various lubricants, several
experimental test methods were developed.
For the determination of the contact stress
seizure point or in other terms, the point at
which a lubricant film can no longer support
the stress placed on it, the ASTM D-5706
SRV OK Load test was used. The result of
this test was then converted to a contact stress
in GPa.

The R0F+ bearing life test is an applied
tribological test and is used to measure the
expected life of rolling element bearings
using variable speed, load, and temperature
conditions. In this testing, the friction is not
measured directly but is understood through
frictional torque and heat which will precede
the degradation and failure of the lubricated
bearing. The R0F+ bearing life test is an

Three different wear rates were calculated
including a mixed film in pure sliding, mixed
film
(rolling/sliding),
and
boundary
(rolling/sliding). A normalized wear rates for
all these tests were calculated to compare
materials tested. The wear rate will indicate
the volume of wear over a distance traveled
which will normalize the data in the case of
premature failures. For the pure sliding test,

Figure 2. Typical friction plot generated by
the SOT
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the ASTM D-5707 SRV Coefficient of
Friction test was used. For both the mixed
film and boundary testing in a rolling/sliding
contact, a custom experimental method using
a Mini Traction Machine (MTM) was used
[1][2][3][4][8].

Figure 3. Schematic of Mini Traction
Machine, image courtesy of PCS Instruments
The experimental method using the MTM
utilized a ball-on-disc configuration. In the
MTM, the ball and disc are driven
independently which allows any combination
of rolling and sliding. The measurement of
frictional force is done through a load cell
that is attached to the bearing housing of the
ball motor shaft.
To keep the tribological contact in a mixed
film or boundary conditions, the use of
counter-rotation will be employed which is
simply driving the ball and disc rotations in
opposite directions. Through operation of the
tribometer in opposite directions relative to
the contact, the rolling/sliding speeds can
become large while the entrainment speed
stays fixed. This allows for very high sliding
speeds with an entrainment speed at the
contact that can theoretically be 0. The
advantage to performing tests in this manner
is to eliminate the effect of an EHD film
creation and allows for additives and surface
chemistry to be testing in boundary and
mixed film lubrication regimes.

The experimental scuffing test was
developed such that the entrainment speed is
held constant which will control the film
thickness. Through control of the film
thickness, the lubricating regime will be
controlled. When the film thickness is less
than the composite roughness of the surface,
boundary lubrication will reign as the
asperities will be in constant contact as they
slide over. Once the film thickness is
equivalent or slightly greater than the
composite roughness then the lubrication
regime will be mixed film. If the film
thickness is much larger than the composite
roughness than the contact will be in
hydrodynamic lubrication.
The film thickness for Mixed Film
Lubrication was calculated as follows [7].
ℎ ≈ 1900𝜂𝑈

(1)

Where η is the Dynamic Viscosity and U is
the Entrainment Velocity.

3.4 Samples:
The test plates for the SOT were machined
from 440C stainless steel with a surface
roughness of < 0.05 microns. Balls used were
12.7mm or 7.14mm 440C stainless steel
depending on the contact stress requirements.
For the R0F+ bearing tests, SKF 7204
Angular contact ball bearings made from
52100 steel were used.
In the SRV testing, AISI 52100 steel balls and
discs were used that had a Young’s Modulus
of 210 GPa and a Poisson ration of 0.30. The
balls had a 10mm diameter with a roughness
(Ra) of 25nm and a Rockwell hardness of 62
HRC. The 24mm discs are vacuum arc remelted and had a hardness of 58 HRC with a
lapped surface that has a roughness (Rz) of
500nm. All the tests were run in duplicate and
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with a maximum Hertzian contact stress of
2.12 GPa and a sliding speed of 300 mm/s.
The experimental MTM test used AISI 52100
steel balls and discs were used that had a
Young’s Modulus of 210 GPa and a Poisson
ration of 0.30. The balls had a 19.05mm
diameter with a roughness (Rq) of 10nm and
a Rockwell hardness of 62.5. The discs had a
hardness of 60.5 and a roughness (Rq) of
11nm. All the tests were run in duplicate and
with a maximum Hertzian contact stress of
1.25 GPa.

4.0 Procedures

vacuum SOT testing. Lifetimes have been
normalized to orbits/microgram of lubricant
Castrol 815Z
Krytox FPG182 Base Oil
NyeTorr 6301-LVP
NyeTorr 6351

Lot Number Speed Contact Pressure Life Orbits per µg
219410
100 RPM
1.5 Gpa
95
Not Currently Available
SA160407 100 RPM
1.5 Gpa
114
SA180925 100 RPM
1.5 Gpa
205

Table 1. SOT Results for Fluid Lubricants
Braycote 601EF
Krytox FPG182
NyeTorr 6300
NyeTorr 6350EL
Braycote 601EF
Krytox FPG182
NyeTorr 6300
NyeTorr 6350EL

Lot Number
219410
GB044
SA160407
SA180925
219410
GB044
SA160407
SA180925

Speed Contact Pressure
100 RPM
1.5 Gpa
100 RPM
1.5 Gpa
100 RPM
1.5 Gpa
100 RPM
1.5 Gpa
100 RPM
2.0 Gpa
100 RPM
2.0 Gpa
100 RPM
2.0 Gpa
100 RPM
2.0 Gpa

Life Orbits per µg
104
130
52
125
60
72
37
72

Table 2. SOT Results for Grease Lubricants

4.1 Sample Preparation
All test specimens are ultrasonically cleaned
in heptane followed by acetone.
4.2 Sample Lubrication
For the SOT testing, the fluid lubricants were
plated via the preparation of a solution of
lubricant diluted into an appropriate solvent.
This solution was then applied directly to a
rotating ball and the solvent allowed to
evaporate from the surface. This left the fluid
lubricant on the ball’s surface allows for the
application of very small amounts of
lubricant. The application of grease was done
by rubbing the ball between cleanroom grade
polyethelye sheets until and even coating of
lubricant was applied. The target amount of
applied lubricant for both fluids and greases
was 50μg. The contact area for the SRV and
MTM tests were coated with 5ml of
lubricant.

Figure 4. SOT Results for Lubricating
Greases
In Table 3, the bearing test results are shown
for both a high temperature and high-speed
test. The Rheolube 2000 grease which has
significant flight history was added as a
reference to the high-speed test. In Figure 5,
the Weibull life probability curve is shown
for the Braycote 601EF, Krytox FPG182, and
NyeTorr 6350EL.

5.0 Results
Table 1 and 2 along with Figure 4 show the
performance of the various lubricants in the

Braycote 601EF
Krytox FPG182
Rheolube 2000
NyeTorr 6350EL

L50 (230°C, 10,000 RPM;
Fa = 200N, Fr = 100N)
167
328
Not Tested
4,600

L50 (100°C, 25,000 RPM;
Fa = 200N, Fr = 100N)
58
76
142
219

Table 3. Bearing Life Results
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Figure 7. Contact Stress and Boundary
Regime Performance
Figure 5. Weibull Life Probability curve for
Bearing Tests
In Figure 6, the results of the outgassing tests
including two Maplub products are shown.
Based on the composition of the Maplub
samples being similar to historically tested
PFPE materials and the Maplub formulation
not containing any additives, they were
excluded from SOT, R0F+, and Wear testing.

Figure 8. Mixed Film Lubrication Wear and
Load Performance
6.0 Discussion

Figure 6. Outgassing Test Results
Figures 7 and 8 contain the results for the
Braycote 601EF, Krytox FPG182, and
NyeTorr 6350EL in the four various wear and
load tests. The contact stress test is measured
in GPa while the other three wear tests are all
in a normalized wear rate of µm3 of wear per
mm traveled in the test.

The friction plots of all materials tested on the
SOT were similar with steady-state friction
being maintained through most of the test
until a rapid increase to µ ≥ 0.3. This
indicates a rapid degradation of the PFPE
lubricant at the contact surface which is most
likely due to a tribochemical reaction with the
metal surface due to the starved contact
conditions.
The increase in contact stress led to a
decrease in life of all materials. Performance
in this region of lubrication (boundary to
mixed-boundary) combined with the higher
contact stresses is heavily dominated by
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additive chemistry. The Braycote 601EF
utilized Sodium Nitrite while the NyeTorr
6350EL uses a proprietary organic compound
for wear performance. The composition of
the Krytox FPG182 is unknown at the time of
this publication.
The SOT results of the base oils are very
interesting as the Castrol 815Z and NyeTorr
6301-LVP perform in a similar manner as
they are both composed of a linear Z-PFPE
although the 6301-LVP does have almost a
20% increased life in the SOT. The NyeTorr
6351 which is a proprietary linear PFPE had
almost double the life of both fluids.
However, when these oils were made into
lubricating greases, the difference in results
did not follow the same pattern. The NyeTorr
6300 had half the life as the 601EF which is
believed to be due to the additive package in
601EF. The NyeTorr 6300 is grease made
without additives as it is meant for ultra-high
vacuum environments where contamination
is of highest concern. Both the Krytox
FPG182 and NyeTorr 6350EL had almost a
25% life improvement over the 601EF.
In the bearing life tests, two different
conditions were run. The high temperature
tests were run at a moderate speed (340,000
ndm) and were focused on looking at the
degradation of the various PFPE lubricants.
In this testing, the Braycote 601EF had a very
short life with the Krytox FPG 182 doubling
it. The NyeTorr 6350EL had an extremely
long life in this test (>20X) which is expected
to have come from a combination of special
processing and the proprietary additive
package used in the grease.
The high-speed bearing tests (850,000 ndm)
were also compared to Rheolube 2000 which
has heritage flight history in various
mechanisms and precision bearings. This test
illustrated the NyeTorr 6350EL’s ability to

withstand higher shear and have 4X the life
of Braycote 601EF.
The wear, load, and contact stress testing was
done to better understand the performance of
each of these lubricants in various
tribological conditions which can occur in
different mechanism applications or all in
one. All the samples illustrated excellent
contact stress support for a concentrated
contact with the NyeTorr 6350EL supporting
the greatest load. The wear rates for boundary
lubrication, mixed film (sliding), and mixed
film (rolling/sliding) all trended similar to the
SOT and bearing test results. This
confirmation gives confidence in the results
shown previously and helps understand the
basis for these lubricants performance.
It should be noted that the Braycote 601EF
has 30% solids compared with the Krytox
FPG182 and NyeTorr 6350EL which were at
20% or less. From the testing results, it is
believed that these additional solids
adversely effect the tribological performance
and life.
7.0 Lessons Learned
The following conclusions can be drawn
based on the work done in this project so far.
•
•

•
•

The NyeTorr 6351 outperforms the
Castrol 815Z and NyeTorr 6301-LVP
in vacuum SOT lifetimes.
Across the testing program, the
NyeTorr 6350EL and Krytox
FPG182 were found to outperform
the Braycote 601EF and other
materials tested.
In general, lubricant lifetime was
reduced with increase contact stress.
The amount of thickener in the
lubricating grease appears to play an
effect in the tribological life of these
materials.
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