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ABSTRACT

INTRODUCTION

This paper presents an original approach used to solve
tribological problems encountered in the triaxial
electrostatic, ultrasensitive accelerometer “GRADIO”
developed by ONERA for space applications.
The platinum – rhodium alloy Pt – 10% weight Rh has
many significant interesting, physical and metallurgical
properties (high density, low electrical resistivity, non
magnetic alloy, single-phased alloy, high resistance to
oxidation, relatively easy manufacturing, etc.), which
make this alloy a best candidate for its use as proofmasses in ultrasensitive space accelerometers.
In the GRADIO accelerometric sensor, no locking
mechanism being implemented, the proof-mass is free
during the launch, and despite the very reduced proofmass free motions, the induced high levels of vibrations
lead the proof-mass to hit mechanical stops. The role of
these stops is to avoid any contact of the proof-mass
with the electrodes cage. The stops material and
eventual coating shall satisfy stringent criteria related to
electrical resistivity, magnetism, and so on. A preselection of acceptable materials leads to manufacture
the stops in either titanium alloy Ti-6Al-4V or nickelcopper alloy ARCAP AP4 with or without coatings such
as TiN, TiCN, MoS2.
Vibration tests performed on development
accelerometers highlighted wear debris production and
material transfer between the bulk materials. These
phenomena, possibly leading to perturbation of the
electrostatic field and thus to reduced performances,
shall be avoided. Unfortunately, such vibration tests on
development accelerometers are not efficient for
material and coating selection, due to cost and time
consumption.
For this reason, some experiments have been performed
with the analytical ultra-high vacuum tribometer with
linear reciprocating motion of the LTDS, reproducing as
far as possible the real tribological conditions
encountered between the proof-mass and the stops of
the accelerometer.
A good discrimination between the tested materials was
achievable, highlighting the importance of deposition
process for coating efficiency, especially in the case of
MoS2. This easy and cheap methodology allowed us to
select the better combination of materials meeting the
strong operational requirements.

The core of the accelerometer sensor head consists
mainly in (see figure 1):
- A parallelepiped proof-mass, made of platinumrhodium alloy PtRh10, electrostatically suspended
and actively controlled in its 6 degrees of freedom.
- A sensor electrode cage comprising 3 electrode
plates, manufactured in glass-ceramics ULE,
providing the substrate to the electrodes for the
suspension and the control of the proof-mass.
- The proof-mass is free (i.e., non-restrained) during
the launch. However, its displacements are limited
through mechanical stops.
A series of systematic vibration tests has been
conducted with the aim to determine the resistance
capabilities of the accelerometer sensor head to launch
induced vibrations with a free heavy platinum-rhodium
proof-mass. These tests highlighted a noticeable
material transfer (about 10 µm) between the proof-mass
and the stops, which impacts the performances of the
accelerometer sensor head.
To avoid wear, material transfer and adhesion, the
solution retained was to protect the surfaces by thin film
deposition. Different coatings can be considered: either
hard coatings for wear reduction or solid lubricants to
reduce friction and adhesion.
Since vibration tests are expensive and time consuming,
some experiments have been performed with a special

Figure 1: core of the accelerometer sensor

Figure 2: the analytical UHV tribometer (left) with close-up on the pin on flat contact inside the chamber (right)
ultra-high vacuum tribometer with linear reciprocating
of copper–nickel alloy ARCAP AP4 or titanium alloy
motion, developed at the Laboratory of Tribology and
TiAl6V4, with different combination of coatings, with
Systems Dynamics (LTDS) of Ecole Centrale de Lyon.
hard nitride PVD coatings, TiN or TiCN, and/or soft
The choice of this tool aimed at reproducing as far as
MoS2 coatings. For these soft coatings, two kind of
possible the real tribological conditions encountered
commercial coatings were employed, the first being
between the proof-mass and the stops of the
resin-bonded MoS2, the second being MoS2
accelerometer.
microparticles sprayed at high velocity. The surfaces
Except for impact, which was not reproduced in these
had to be roughened in order to improve MoS2
experiments, all parameters were close to the real
adhesion. The list of sample studied is mentioned in
situation (contact geometry, environment, forces and
table 1.
sliding speed). The variable parameter was the couple of
For practical reasons, the hemispherical pins tested on
materials involved. By crossing several observation and
the UHV tribometer were made of PtRh10, material of
analytical techniques, the wear scars were studied to
the proof mass, and the flats were made of the different
quantify wear and material transfer, and thus to find the
material combination tested. The curvature radius of
best tribological couple.
these hemispherical pins was 8 mm.
In-situ Auger Electron Spectroscopy (AES) and ex-situ
EXPERIMENTAL
Scanning Electron Microscopy (SEM) with Energy
Dispersive X-Ray spectrometry (EDX) were performed
The analytical Ultra-High Vacuum tribometer [1]
after the friction experiments inside and outside the
described in figure 2 was used to conduct these
wear scars to study material transfer with a thickness
tribological experiments. Measurement of the normal
sensitivity covering the range from nanometer (AES) to
and tangential forces during the linear reciprocating
micrometer (EDX). White light interferometry was used
motion of a hemispherical pin against a flat allows the
for 3D topographical mapping of the wear scars, in
determination of the friction coefficient µ. At the end of
order to evaluate wear and/or transfer between
the experiment, by recording the normal force during
counterfaces.
unloading, it is possible to detect a pull-up force,
characteristic of strong adhesion. To simulate as close
RESULTS
as possible the real contact conditions, the sliding length
was 500 µm, the sliding speed was 1 mm/s and the
Table 1 summarizes the results obtained with the
normal load was 1 N in all cases, and for low friction
different substrate and coating combination for the flats.
materials, (µ ≤ 0.4 at 1 N), it was increased to 5 N.
Friction coefficient gives an indication of the shear
Experiment duration was kept constant, with 6000
stress level in the contact, and the pull-up force reveal
cycles during 100 minutes, which is 2 times the duration
strong adhesion, both phenomenon being responsible of
of vibrations in a flight model.
material transfer and/or wear.
The proof-mass being made of the platinum–rhodium
Auger analyses in the wear scars allow to check transfer
alloy PtRh10 due to its density and electromagnetic
of small amounts of materials from one counterface to
properties, this material was systematically used in the
the other: for instance, for sample 1, a small amount of
tests, without coatings or surface treatments. There were
PtRh10 was found on the MoS2 coated flat, and some
more possibilities with the stops, which however need
MoS2 was also found on the PtRh10 pin, meaning that
to be conductive. Materials tested were thus a substrate
transfer or debris gathering occurred between both

Table 1: summary of tribological and analytical results obtained on 8 different material combinations.
surfaces. In that case, detection of copper from the
transfer (see figure 3.b) for bonded MoS2 on TiN
substrate means that the coating has been removed, at
and TiCN (samples 4 and 7).
least on localized spots.
The surface degradations observed during comparison
EDX analyses are probing on a larger depth, and thus
experiments were in good agreement with the ones
allow the detection of large amounts of transfer: for
observed during vibration tests on the development
instance, MoS2 was detected on sample 5 by AES, but
accelerometer. This assesses the trade-off which has
not by EDX, meaning that the transfer is limited to only
been necessary for the selection of tribological
few nanometers. This technique being implemented on
experiments parameters.
SEM, it is also possible to know if this transfer is a
DISCUSSION
homogeneous film or if it comes from scattered debris,
revealing wear.
From this set of experiments, 3 typical tribological
Optical and topographical images helped in determining
behavior can be considered: solid lubrication with thin
and understanding surface degradations (see example on
transfer film formation (samples 2 and 5), adhesive
figure 3). For the flats, some coatings did not exhibit
wear of PtRh10 pins (samples 1, 3, 6 and 8) and strong
visible damage, the initial roughness being slightly
adhesive wear of both counterfaces (samples 4 and 7).
affected, if any, like nitrides coatings (samples 3 and 6),
- In the first case, solid lubrication is well achieved by
bonded-MoS2 (sample 1) on ARCAP AP4 or sprayed
the sprayed MoS2 coating, since friction coefficient
MoS2 on TiCN (sample 8). Sprayed MoS2 on ARCAP
is very low – most of the time, it remains below 0.1
AP4 and on TiN was just polished and smoothed
– and no adhesion is observable. A thin MoS2
(samples 2 and 5), whereas bonded MoS2 on TiN and
transfer film is formed on the PtRh10 pin, but since
TiCN (samples 4 and 7) was heavily damaged, with
with EDX platinum is still strongly detected, we
deep grooves.
know it is thinner than a few micrometers. These
For the hemispherical pins, three typical degradations
facts are characteristic of good MoS2 solid
were observed:
lubrication [2]. On the flat, the surface is
- Thin transfer film with few scratches (see figure
smoothened, apparently uncovering the substrate on
3.a), for sprayed MoS2 on ARCAP AP4 and on TiN
some localized spots, due to the roughness required
(sample 2 and 5);
to improve coating adhesion. Despite of this
- Flattened smooth surface for both nitrides coatings
drawback, almost no platinum could be found on the
alone (samples 3 and 6) or TiCN with sprayed MoS2
flat, highlighting the protecting effect of the MoS2
topcoat (sample 8);
transfer film. The mere caveat is for TiN underlayer,
- Scratched surfaces with some very heterogeneous
which seems to be more harmful to the softer
transfer in the case of bonded MoS2 on ARCAP AP4
PtRh10 counterface.
(sample 1) and with deep grooves and material
- In the second case, friction coefficient is much
higher, ranging from 0.3 to 0.6 for its stabilized

a)

b)
Figure 3: white light interferometer topographical
images of wear scars on hemispherical pins at a normal
load of 1 N for a) sample 2 and b) sample 7; the
curvature of the hemisphere has been subtracted to
flatten the image.
value. Pins are scratched or flattened, while flats are
not significantly damaged. The high friction can also
come along with small but significant pull-up forces.
Thus, in this case sliding leads to strong interactions
between the surfaces, with some local adhesive
junctions. Since PtRh10 has an ultimate tensile
strength of about 320 MPa, and ARCAP AP4 of
about 500 MPa, TiN and TiCN being much harder,
these adhesive junctions will more favorably shear
inside PtRh10 [3]. This phenomenon results in wear
of the PtRh10 pins, with transfer to the flat, and
leading to PtRh10/PtRh10 local contacts, which are
even worse for friction and adhesion. Some small
amounts of copper or titanium from the flats can also
be found on the pins, probably due to some local
weaknesses of these materials (defects, impurities,
etc.). For sample 8, sprayed MoS2 on TiCN did not
perform as well as on ARCAP AP4 or even as on
TiN (samples 2 and 5). Since increased roughness of
the surface is required to promote adhesion of the
MoS2 coating, which is obtained by sand blasting,
we can assume that TiCN was not rough enough,
due to its high hardness, and that the coating was
less adherent to the TiCN surface.
- In the third case, concerning only resin-bonded
MoS2 on titanium-based nitrides, friction coefficient
reaches very high values, and at the end of the
experiment, significant pull-up forces are necessary
to release the contact. Both flat and pin are deeply

worn, and some transferred material is also found on
the pins. On the flat, the grooves are quite deep, and
the Ti-6Al-4V substrate might be reached. Anyway,
MoS2 coating has been clearly removed. These
heavy degradations could be explained by a poor
coating adhesion on substrate, however results are
worse than without MoS2 coating. The reason of this
is still unclear, but it is probable that the deposition
process and the surface preparation before
deposition has damaged the titanium-based nitrides
under-layers, which are very hard, but also brittle.
CONCLUSION
With the analytical ultra-high vacuum tribometer, we
have been able to simulate experimentally the
degradations sustained by a real space mechanism.
Surface degradations were indeed similar to the one
observed after a vibration test. It was thus possible to
select rapidly and at a lower cost the best combination
of coatings for reduced wear and material transfer,
which were required for this application.
It was thus shown that solid lubrication of these
stops/proof mass contacts was favorable, but not with
any solid lubricant. The choice of the deposition process
is especially critical. Resin-bonded MoS2 seems indeed
to be at best inefficient or even detrimental to wear and
material transfer, whereas high velocity sprayed MoS2
exhibited a much better tribological behavior.
Adhesion of the coatings on the substrates is of course a
key issue, and both processes need an increased
roughness, which is more difficult to achieve on
surfaces coated with titanium-based nitrides. Besides,
sliding a hard and rough surface against PtRh10, which
is not very hard, can result in shorter lifetime of the
solid lubricant in between.
For the future, it would thus be interesting to test sputter
deposited MoS2, eventually with TiN coatings on both
counterfaces.
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