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ABSTRACT

PGM-HT (PTFE, Glass fiber & Molybdenum
Disulphide) is a self-lubricating composite whichsh
been accepted in recent times as a replacement to
RT/Duroid 5813; a similar composite no longer in
production. The material is used primarily wittihre
space industry as a ball-bearing cage materiais It
supplied by the manufacturers pre-treated to angive
temperature under either vacuum or air. This paper
provides a comparison between these two treatment
methods, with regard to the material's ability to
lubricate.

Sintimid 15M (known as Tecasint 1391 from April
2009, but referred to as Sintimid here) is an un-
reinforced thermoplastic polyimide featuring 15%
molybdenum disulphide filler content. It is of pediar
interest as a European sourced self-lubricating
composite alternative to Vespel SP-3 (manufactimed
the US and of a similar composition). A series of p
on-disc tests on this material has been carriedabut
ESTL to investigate its potential as a lubricantdema
variety of conditions.

The paper is split into two sections, each seplgrate
covering one of these separate self-lubricating
composites

1. BACKGROUND

Self-lubricating composites provide engineers and
project managers with simple, inexpensive solutians
certain tribological applications. Through the
mechanisms of sacrificial wear and thin film trarsf
the contact zone between a self-lubricating contposi
and a hard counterface can be lubricated withoat th
need for traditional solid or liquid lubrication. ithin

the space industry these materials are used agdush
sliding interfaces, guides, ball-bearing cageg;siigs,
motor brushes, and gears.

1.1. PGM-HT

Following the cease in manufacture of the self-
lubricating composite RT/Duroid 5813 (Duroid) ireth

mid-1990’s, a replacement was sought. ESTL
identified PGM-HT (a composite of PTFE, glass fibre
and MoS) as “potentially a direct replacement for

Duroid” [1]. Subsequently the material became used
primarily as a ball bearing cage material — eithgra
single source of lubricant within a bearing or in
conjunction with thin Mog coatings applied to the
bearing races and balls.

Some years ago ESTL discovered that PGM-HT
shrinks upon returning to room temperature follayin
heating under vacuum [2, 3]. However at elevated
temperatures the combination of PGM-HT cage and
MoS, coatings performed effectively, and could be
considered for high-temperature applications.

This shrinking phenomenon was studied and
characterized at ESTL, which established that
shrinkage could be reduced to acceptable levels by
preconditioning the PGM-HT material at 240deg.C
under vacuum over a 24-hour period [2, 4]. This
information was passed onto JPM, the manufacturer o
PGM-HT, who procured a vacuum oven to allow the
in-vacuum preconditioning of raw PGM-HT material
upon request.
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Figure 1. Dimensional change of dummy PGM-HT
cages after heating to 250 °C — showing beneficial
effects of pre-conditioning on PGM-HT. Sintimid 15M

also shown on plot [2]

In addition, these results led to the need to destnate
that this in-vacuum conditioning of the materialedo
not degrade the material’s desirable tribological
properties. In this light, ESTL carried out an
investigation into the performance of the in-vacuum
treated material, carrying out both a repeatabditydy
through the manufacture of pins from multiple bleck
of material, and a comparison with the ‘un-treated’



PGM-HT over a range of test conditions. Tests were
carried out using a pin-on-disc tribometer.

This study [5] demonstrated relatively poor
repeatability for the in-vacuum treated materiaithw
little consistency either between separately caoukd
blocks of PGM-HT, nor within the blocks themselves.
Run-in friction values ranged from 0.05 to 0.45dan
displayed erratic profiles.
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Figure 2. Two friction plots of in-vacuum conditéxh

PGM-HT from the same block (sliding against 52100

steel, under vacuum, 5N load, 0.1hstiding speed)

Measured wear rates varied, ranging from 1 to 1P x

5 m¥Nm. There also appeared to be a correlation
between friction coefficient and wear rate of time i
vacuum material [5], and a comparison with datanfro
un-conditioned material taken from [1] showed
similarities.
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Recently it has come to our attention that JPM, will
unless specifically requested to carry out in-vasuu
pre-conditioning, subject PGM-HT material to hegtin
in air at 140deg.C for 8 hours. However JPM are
uncertain as to when this practice started, and as
result we are unable to state whether the PGM-HT
tested in [1] had been subjected to this in-aitihga

Thus for the avoidance of doubt, testing was cdrrie
out to compare the tribological properties and
repeatability of in-air conditioned PGM-HT agaiiist
vacuum conditioned PGM-HT.

1.2. Sintimid 15M

Sintimid 15M (renamed as Tecasint 1391 in 2009 is
self lubricating material comprising polyimide (un-
reinforced thermoplastic) with 15% MegSfiller
content. It is manufactured within Europe by Ensing
and is the European equivalent to DuPont’'s Vespel S
3.
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Figure 4. Lifetest results of bearing lubricatediwi
Mo$S; lubrication (balls & races) and titanium-
Sintimid cages, running at 275deg.C under vacuum

(2]

Tests at ESTL have demonstrated that TECASINT
1391 has strong potential as a bearing cage miateria
performing well over a wide range of temperatures
under vacuum, and in particular for bearings luted
with sputtered Mogcoatings [2]. Good behavior was



also observed for tests without lubricant coatingloe
balls or races (lubrication provided by the caghy)oat
high temperatures.

The material has also been demonstrated to be
thermally stable, displaying minimal shrinkage when
subjected to thermal cycling [2], as shown in Hig.

Given Sintimid 15M'’s potential, it seems likely tha
will be used increasingly as a material for Europea
space applications as an alternative to Vespel 8Rd3
PGM-HT, both of which are produced in the US. Given
this predicted increase in use, and the repediabili
issues with in-vacuum treated PGM-HT raised
previously [5], it was decided to make an apprdpria
check on the repeatability of the friction and wear
properties of Sintimid 15M.

2. TRIBOLOGICAL TESTING OF PGM-HT
2.1. Test details

Testing was separated into two stages: a firstesiag
which the batch-to-batch repeatability of the in-ai
conditioned material was assessed, and a secogel sta
in which the tribological behaviour of the mateneds
studied with regard to environment, sliding spestt
contact stress.

First stage — repeatability

Hemispherically ended pins of PGM-HT were
manufactured from three independently pre-
conditioned blocks of in-air treated material. Tére
pins were manufactured from each block, givingtalto
number of nine tests. Pins were run against 52134 s
discs of surface roughness ~0.1pguBing a pin-on-
disc tribometer. Motion was carried out uni-
directionally over a sliding distance of 1,000m
(~13,260 disc revolutions at a track radius of 12mm
under high vacuum (5 x Tombar). A sliding speed of
0.1ms" and a 5N load (10MPa mean contact stress with
18mm pin radius) was employed for all repeatability
tests. Note, these conditions are identical to Teef
the characterisation tests, in Tab. 1 below.

Second stage — characterisation

Identical pins were manufactured from a single bloc
of in-air conditioned PGM-HT for the characterisati
tests. These were tested on a pin-on-disc tribaniete
a similar way to the repeatability tests, followimgb.

1.

Table 1. Test conditions for characterisation texts-
air conditioned PGM-HT

Test Test Sliding speed | Contact
1D environment (m/sec) stress
% High vacuum 0.1 2;
6
3 (5 x 10° mbar) 001 3
g’ Laboratory air 0.1 2;
6 (class 10,000) 001 S1
7 Dry nitrogen 0.1 S1
Notes: S1 equates to a mean contact stress of a0MP

(pin load 5N, PGM-HT pin radius 18mm)
S2 equates to a mean contact stress of 16MPa
(pin load 5N, PGM-HT pin radius 18mm)

These conditions were chosen to be identical tsgho
in [5].

2.2. Pin-on-disc methodology

Test specimens were ultrasonically solvent cleaned
prior to testing. All testing was carried out using
ESTL'’s pin-on-disc tribometer. The experimentalipet

is shown in Fig. 5, and consists of a pin mountecao
balanced arm, and loaded against the disc by a
deadweight. The disc is rotated by a motor posiiibn
outside the vacuum chamber. The frictional force is
measured via the deflection of the arm, and reabrde
using a PC-based data acquisition system. Calirati
was checked using a pulley system to apply known
loads to the tribometer arm.

-on-disc tribometer

Figure 5. Vacuum p

2.3. Test results - repeatability

Repeatability results for in-air conditioned PGM-HT
were fairly encouraging, with a noticeably greadésel

of consistency when compared with the in-vacuum
treated material, considering both the steady-state
friction coefficient as well as the specific weate.
Friction coefficients typically increased to betwe® 3

and 0.35 over the first few thousand revolutiorefpbe
settling down to between 0.05 and 0.1 at aroun@QID,
revolutions.
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Figure 6. Integrated friction against wear rate forair conditioned PGM-HT, in-vacuum conditioneGM-
HT, and RT/Duroid 5813

Table 2. Summary of repeatability results for inaid
in-vacuum treated PGM-HT

Properties In-air In-vac
P PGM-HT PGM-HT [5]
9 9
Number of tests | 3, 3'hi0cks) | (3 x 3 blocks)
Test conditions vac, 5N, vac, 5N,
0.1ms" 0.1ms"
Start-up friction ~0.20 ~0.20
Steady-state friction 0.09 0.25
mean
Steady-state friction 0.06 — 0.14 0.05 — 0.45
range
Specific wear rate mean
(x 10"°m®/N.m) 2.8 56
Specific wear rate
range (x 13°m%/N.m) 08-4.9 1.6-11.0

If we plot the integrated friction over the 1,000m
against wear rate for both populations of PGM-HT we
observe a separation in the populations. It is apypa
from this method that the in-air PGM-HT provides
greater consistency under these test conditions.

If we include on the same plot the value for Duroid
(taken from [1]) we see a clear separation fromhbot
populations of PGM-HT, with the Duroid displaying a
increased wear rate for a given friction coeffitigfig.

6). As self-lubricating composites rely on saci#ic
wear for their mode of operation, this result mayamn
indication that the rate of material transfer to a

counterface is greater for Duroid than that for RGM
HT.

A similar claim has been made regarding PGM-HT and
Duroid caged bearings, in which two mechanisms
successfully qualified with Duriod underwent new
lifetests with PGM-HT caged bearings [6]. Theseastes
indicated torque instabilities and a lack of lubrit
transfer when PGM-HT cages were employed.

2.4. Test results - characterisation

From the characterisation pin-on-disc tests it is
apparent that the lowest friction coefficients are
generated under vacuum, with greater values i ag.
single nitrogen test did not display a steady-state
during the 1,000m. Wear rates for in-air conditidne
PGM-HT were not seen to be particularly dependant
upon environment.

Similarly, no great dependence was observed oereith
the friction coefficient or wear rate if we conside
sliding speed, or contact stress.



Table 3. Friction and wear results of in-air condited
characterisation tests

Conditions Steady-state Wear rate
friction (x 10m*N.m)
%afhss,ll' 0.08 5.9
\(/)afr,nSS_IZ, 0.16 56
(\)/%Cl' n?g% 0.12 24
é'rl’ n?;l 0.20 3.3
g‘rl’ n51521 0.22 3.9
()Alc;iﬁjs'l 0.19 23
oNzlrﬁgl 0.21 - 0.27 1.7

These results are broadly comparable to thoseeafith
vacuum conditioned PGM-HT [5], with no consistent
differences in either wear rate or friction coatfiat.

3. SINTIMID 15M

4. TRIBOLOGICAL TESTING OF SINTIMID
15M

4.1. Test details

As with the PGM-HT, tests on Sintimid 15M were
separated into two stages; repeatability and aileéta
characterisation.

First stage — repeatability

Repeatability tests were performed in the same agy
were carried out for PGM-HT; unidirectional sliding
52100 steel for a distance of 1,000m. Three
hemispherically ended pins of radius 18mm were
machined from three independent blocks of Sintimid
15M, giving nine pins in total. Testing was carrigat
under the same conditions as for PGM-HT, though the
mean Hertzian contact stresses were varied fotvthe
materials due to their different elastic moduli.r Fo
clarity, repeatability tests were performed under
identical conditions as those described in Test Bab.

4 below.

Second stage — characterisation

Characterisation tests were also carried out under
similar conditions to those for PGM-HT. Test
conditions are described below.

Unlike the PGM-HT tests, due to material constsint
the pins were not machined from a single block of
Sintimid 15M. Tests 16.B, 17.B, 18.B and 19.B were
machined from a second block, with all other te=ns
originating from the same block.

Table 4. Test conditions for characterisation tests

Sintimid 15M

Test Test Sliding speed | Contact
1D environment (m/sec) stress
8 01 S3
9 High v?cuum ) S4
10 (5 x 10° mbar) S3
11 0.01 Sq
12 01 S3
13 Laboratory air ) S4
14 (class 10,000) S3
15 0.01 Sq

16.A

16.B S3

16.C 0.1

17.A

17.B Dry nitrogen S4

18.A s3

18.B

0.01
19.A sa
19.B
Notes: S3 equates to a mean contact stress of a3MP

(pin load 5N, Sintimid 15M pin radius 18mm)
S4 equates to a mean contact stress of 37MPa
(pin load 5N, Sintimid 15M pin radius 18mm)

4.2. Pin-on-disc methodology

Testing was performed using identical kit to that
previously described (section 3.2)

4.3. Test results - repeatability

The behaviour of all tests was broadly similar,
demonstrating high friction initially, before quigk
falling and displaying low friction throughout the
remainder of the test. Some variance was noticelden
number of revs required to achieve steady-state
friction, as with the friction coefficient values
themselves, but not to any great extent. No great
difference was observed in the results from difiere
blocks (examples in Fig. 7).
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Figure 7. Friction plots from each block of Sintthi
15M material (sliding against 52100 steel, under
vacuum, 5N load, 0.1Msliding speed)

Initial peak friction values ranged from 0.54 to/ Q.
with a mean of 0.65, and were approximately 10-¢ime
higher than the steady-state friction coefficients,
measured at 0.06 to 0.09 with a mean of 0.07. Wear
rates were measured to be in the range 0.30 t0X2.38
10%°m*/N.m, with a mean of 1.37 x Tfm*N.m.

The behaviour of these tests are similar enoughugor
to state that Sintimid 15M gives repeatable frictand
wear rates both within, and between individual k&c
of material.

4.4. Test results - characterisation

The effect of increasing load, in the cases ofaaid
vacuum environments, was to slightly decrease gtead
state friction, a behaviour previously observed [ii]a
nitrogen environment however the inverse is truigh w
steady-state friction increasing with increasingteot
stress. No strong dependency on load was noted when
considering either start-up friction or specificaneate.

Table 5. Friction and wear results of Sintimid 15M
characterisation tests

Conditions Start-up Stea.dy.-state W?f;“ gate
friction friction (x 107°m/N.m)

\c/)éfﬁqssl& 0.70 0.08 1.58
vas St oes 0.07 0.31
yae 53 | 050 0.12 0.46
X%‘infg' 0.66 0.08 0.94
Al 53 N/A 0.81 6.75
éi_& nfsl N/A 0.71 5.97
égiﬁé N/A 0.75 13.94
oS4 N/A 0.90 50.42
N 5% N/A 0.91 3.62
(’;'_21' n§s41 N/A 1.06 2.19
Sy N/A 0.56 0.63
By N/A 0.99 0.64

Note: Tests in air and Ndid not display initial peak

friction values, but rather displayed a slower iease
over the first few hundred revolutions of the test.

The effect of sliding speed on steady-state fricti®

not clear. Whilst in nitrogen we find a definitecirase

in friction with increasing sliding speed, thisnst as
well defined for air and vacuum testing. In air
increasing the sliding speed causes a significant
decrease in the specific wear rate, whilst in g an
increase is observed for the greater rotation speed
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Figure 8. Effect of environment on steady-statitn
of Sintimid 15M

The material was found to be very sensitive to
environment. Sliding in air produced greatly eledat
steady-state friction coefficients in comparison to
vacuum. Specific wear rates were similarly increlase
comparison to air. Considering dry nitrogen, steady
state friction coefficients were comparable to, amd
some cases greater than, those found in air, bat we



rates were comparable to those found under vacuum
under similar conditions.
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Figure 9. Effect of environment on wear rate of
Sintimid 15M

4.5. Comparison with other self-lubricating
composites

We now present a comparison of these results agains
Vespel SP-3, a similar polyimide to Sintimid 15Mal
containing 15% Mogfiller, as well as in-vacuum and
in-air conditioned PGM-HT.

Table 6. Comparison of Sintimid 15M with other
common self-lubricating composites

Sintimd | Vespel In-air In-vac
Conditions | 15M | SP-3[8] | PGM-HT | PGM-HT [5]
Steady-statefriction coefficient
\gaf{'rni_'}" 0.08 0.05 0.08 0.06
Vg‘irﬁgl'\" 0.07 - 0.16 0.05
\0/%01' rﬁ's\'l 0.12 ; 0.12 0.08
Ac\)lririglf 0.81 0.65 0.20 0.22
A(')r'lffs_'}" 0.71 - 0.22 0.21
OAI(r)’lfr)nNS’l 0.75 ; 0.19 0.20
B'Zi:]';‘l' 0.91 ; 021-027 0.20-0.33
Sintimd | Vespel In-air In-vac
Conditions | 15M | SP-3[8] | PGM-HT | PGM-HT [5]
pecific wear rate x 10° m¥/N.m
\gaf;ni'l\" 1.58 38 59 0.9
Vg‘irﬁgl'\" 0.31 - 5.6 2.4
X%Ci rﬁle 0.46 - 2.4 1.3
‘(\)'rl’rf]'g'f 6.75 10.7 33 27
A(')r'lffs_'}" 5.97 - 3.9 2.6
Q'&lfn'\‘s'l 13.94 - 2.3 2.2
B'Zirf]'g‘l' 3.62 ; 17 3.0

The behaviour of Sintimid 15M in vacuum and
laboratory air is broadly similar to that of Vesjs#-3,
with a similar dependence upon environment.

Friction coefficients are also generally high (30fér
Vespel SP-3 during the first few revolutions in
vacuum, behaviour observed here for Sintimid 15M.
However Vespel has been shown to display high
friction for long sliding distances before reducitm
<0.1 [8]. Conversely, Sintimid 15M reduced from an
initial peak much sooner (typically less that 40
revolutions, 3-meters sliding distance at ~12mnakra
radius), rapidly reducing to a friction coefficient 0.1

to 0.2, before a much steadier drop over several
thousand revolutions to <0.1.

Previous studies into polyimides indicate that ¢hes
materials are capable of low friction and wear caly
high temperatures or in environments of low water
vapour [9, 10]. It is thought that the cause o$ tikithe
presence of adsorbed® molecules hydrogen bonding
to the polyimide chains, and preventing the fororati

of a thin shear surface offering low friction anea.
This can be overcome by removing the water vapour
available, after which the polyimide can provideodo
lubrication. This effect is apparent in tests parfed

on Sintimid 15M under vacuum, where an initial pdri

of high friction (providing frictional heating) ithen
followed by a stable period of low friction. This
behaviour has previously been seen for polyimides
sliding under vacuum [11].

However, this description does not explain the high
friction observed for Sintimid 15M sliding under
nitrogen — in such a dry environment we would expec
the behaviour to be similar to that in vacuum. Toet
cause of this is not clear, but it is noted thaghhi
friction when sliding in dry nitrogen has been absed

by ESTL previously for Vespel SP-3 [12], indicating
that this behaviour may be common among polyimides.

5. CONCLUSIONS
PGM-HT

During this study, the performance of in-air
conditioned PGM-HT was compared to that of in-
vacuum conditioned material. Pin-on-disc testingarm

a variety of different environments and conditions
demonstrated no significant differences betweesethe
materials. However repeat testing revealed greater
consistency in the performance of the in-air pre-
conditioned material. These observations would lead
to tentatively suggest that for ambient temperature
applications, in-air conditioned PGM-HT is to be
preferred.

However we have also observed that the wear rate fo
both these materials is reduced in comparison to
RT/Duroid 5813. A previous investigation has
highlighted the lack of material transfer with PGHT-



in comparison to Duroid when used as a bearing cage
material [6], and it may be that these findings are
related.

Sintimid 15M

These findings lead us to conclude that Sintimit¥ 15
Tecasint 1391 has potential as a viable European-
sourced alternative to the US-sourced Vespel SP-3,
provided consideration is given to adequately run-i
the material in vacuum to overcome the initial high
friction. The material performs well under vacuumt

is not suitable for use as a lubricant in air, twéigh
friction and excessive wear. Performance under
nitrogen gives a combination of high friction withw
wear. Therefore, as dry nitrogen does not replitate
performance in vacuum, any truly representative
testing of this material must take place under vatu

Table 7. Summary of effect of environment on Sithtim

15M
Environment | S@tup | Steady-state | oo\ oe
friction friction

High vacuum .
(5 x 106 mbar) High Low Low
Laboratory air . .
(class 10,000) N/A High Med/High
Dry nitrogen N/A High Low
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