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Polyetherimide (PEIl), commercially known as ULTEM and manufactured by GEC (USA), is
one of the newest high-performance thermoplastics. Its graphite and short-glass-fibre (GF)
filled composition was evaluated for friction and wear properties. Tribological studies of the
material sliding against mild steel, under different loads, counterface roughnesses and sliding
distances were performed on a pin and disc configuration. It was observed that this composite
displayed very good wear resistance due to glass-fibre reinforcement and low friction due to
the solid lubricant graphite. The wear mechanism was studied with scanning electron
microscopy by observing the worn pin and disc surfaces. Fatigue was observed to be the main
factor in wear, along with adhesive and abrasive modes.

1. Introduction

Polyimides are promising tribo-materials in terms of
friction and wear characteristics, thermal stability,
mechanical and physical properties which are retained
even at high temperatures [1-7]. Despite the advant-
ages associated with thermoplastics such as easy pro-
cessability, applicability and possibility of recycling
and repair, most efforts have been devoted to tribo-
investigations of thermosetting polyimides [1-7]. It
was therefore considered useful to evaluate a thermo-
plastic polyimide as a tribomaterial.

In view of this, polyetherimide (PEI), a thermo-
plastic polyimide having an excellent property profile
[8] was selected for the present studies. Our earlier
work on polyetherimide [9], PEI + PTFE [10] and
short-glass-fibre-reinforced PEI (20%) [11] revealed
the following features.

1. Bulk PEI displayed low friction and good resist-
ance to fatigue wear. However, after a critical number
of cycles (characteristics of load and history of pin-
surface preparation) wear due to fatigue suddenly
started and was very high.

2. PEI + PTFE while showing lower friction did
not show substantial improvement in wear.

3. PEI + glass fibres (GF) showed promise in terms
of improved wear behaviour (K, = 4.5x 10" 1> m?
Nm™!) but not in friction (p ~ 0.35).

Hence it was of interest to incorporate another solid
lubricant which could reduce friction and/or wear in
the composite. Among the potential solid lubricants it
is already reported that MoS, oxidizes at above
400 °C, PTFE softens cold flows under low loads and
moderate temperature while graphite loses water in
vacuum and becomes abrasive at high temperatures
[12]. However, graphite has a reinforcing effect, with
the added advantage of self-lubrication and enhanced
thermal conductivity, the latter being important for
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friction [12] Graphite was therefore considered to be
an appropriate filler for reinforced PEI composites.

In tribo-science, filler effects, cannot be predicted a
priori. It is reported that PTFE generally reduces
friction, but not necessarily wear [13]. Graphite has
been reported in some cases to have an adverse effect
on friction and/or wear [ 14], but useful in others [12].
Hence the properties of the polymer composites have
to be tested in the tribo system. The objective of the
present study was to obtain an insight into the wear
performance of short-glass-fibre-reinforced (16 wt %,
average length 400 pm, diameter 10 pm) PEI com-
posite filled with 20% graphite powder. It is also
important to learn about dominating wear mechan-
isms in the sliding wear of this composite under
various experimental conditions.

2. Experimental procedure

2.1. Characterization of the composite

The general structure of PEI has been given elsewhere
[9]. The composite under study was prepared by
incorporating the requisite amount of graphite in the
glass-fibre-reinforced composite (ULTEM 2200).
TGA and DTG studies of ULTEM 2200 and its
composite with graphite are shown in Fig. 1. Details of
this analysis are given elsewhere [15]. By comparing
these two curves, the composition of the composite
was confirmed to be PEI 64%, glass fibre 16% and
graphite 20%. Pins of the composites were fabricated
by injection moulding.

2.2. Materials and their preparation

Mild steel was selected as a counterface (Rockwell
hardness RB 80). Details of the pin fabrication, pre-
paration of disc surfaces with required roughness are
given elsewhere [11]. The total apparent sliding area
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Figure I Thermogravimetric analysis (TGA) and DTG curves for (1) PEL + GF (20%) and (2) PEI + GF (16%) + graphite (20%) in N,

atmosphere, heating rate 10°C min 1.

of the pins was 1.4 cm? and mould-filled direction
(MFD) was perpendicular to sliding direction.

2.3. Friction and wear studies

Experiments were carried out using tripins on disc
configuration on a friction and wear testing machine.
The sliding system consisted of a ground mild-steel
disc rotating against three polymeric pins. The total
load varied from 43 to 132 N. All experiments were
carried out at ambient temperature. All measurements
were preceded by a running-in period with the same P
and V values as were used in the test, on a different
disc with same R, value where P is load applied in N
and V is the sliding velocity and R, is the roughness
parameter [9]. This prerubbing allowed the counter-
face to wear the specimen until it had full contact with
the counterface.

3. Results and discussion
Friction and wear data of the composite are plotted in
Figs 2-6. Scanning electron micrographs (SEM
Philips 515) are shown in Figs 7-11. Polymer pins
were silver sputtered to make the surface conducting.

It was observed that at lower loads the pins did not
show measurable wear, nor was a wear track initiated.
At an increased load of 43 N, pins started initiating a
wear track and a thin graphite layer was immediately
transferred, thereby reducing the friction coefficient.
The friction data obtained in similar sliding condi-
tions with and without a solid lubricant in the com-
posite are shown in Fig. 2 for comparison.

Peaking in friction was observed in both the com-
posites, and is thought to be due to a change in surface
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Figure 2 Friction coefficient and pin surface temperature of PEI
+ GF + graphite (—-@®-, —l-, —A-) and PEI + GF (- x-) com-
posites as a function of sliding time; load 43 N, speed 2.1 ms™!
counterface (R,) (a) 0.15 and (b) 0.05 pm.
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topography [11]. It may be noted that a reduced peak
value in the friction-against-time plot appeared in the
case of the graphite-filled composite (Fig. 2a), as com-
pared to the composite without graphite. From Fig. 2a
it is clear that under identical conditions of load, speed
and counterface roughness, the friction coefficient is
substantially reduced from 0.25 to 0.10 due to graphite
inclusion. Curves I, II and III are for the friction
displayed in successive runs. Because the surface is
already covered with graphite layer, the friction coeffi-
cient is reduced in these runs, reaching a fairly low
value ( ~ 0.12) in the first run. The temperature of the
pin subsurface (thermocouples were inserted in the
pins 3 mm away from the sliding surface) in these
cycles was also measured as a function of sliding time
and is plotted- in Fig. 2a. Such temperature measure-
ments are indicative of changes in actual sliding sur-
faces. Since friction decreases in consecutive runs, the
temperature of the subsurface also decreases.

Fig. 2a shows friction data generated on the surface
with R, = 0.15 um [9]. Friction data in Fig. 2b are for
a smooth, polished disc surface with R, = 0.05 um.
For such smooth counterfaces, the frictional behavi-
our of the composite was quite different. Friction
coeflicient (p) against sliding time showed a sharp
minimum after 7 kcycles of the traversals. Beyond this,
the friction coefficient in each run increased slowly,
reaching a steady-state value. Both the friction coeffi-
cient at minimum and at the steady state decreased in
successive runs. A comparison of findings regarding
the friction behaviour of the composite for two differ-
ent roughnesses of the counterface is shown in Fig. 2a
and b.

Fig. 3 shows the friction data generated under two
extreme load conditions (43 and 132 N). Steady-state
friction reduced in the second run in both cases. The
peaks and steady-state value of the friction coefficient
are lower in cases of high load (132 N) than for low
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Figure 3 Friction coefficient as a function of sliding time at two
extreme loads 43 and 132 N{speed 2.1 m sec” ! and counterface (R,)
0.25 pm). ( yRun I; (——=) run I, -O- L-43N; -0- L-132 N,
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load (43 N). The friction coefficient generally reduces
with the increase in load, and has been explained by
Suh [16]. Steady-state wear curves of PEI + GF and
PEI + GF + graphite are shown in Fig, 4. The wear
loss in each interval is plotted as a function of the
distance slid in that interval, and is not cumulative
wear. From this curve it is clear that the specific wear
coefficient (K;) of the glass-fibre-reinforced com-
posite is reduced from 4.5x 107> m3Nm ~! to 1.2
x 10715 m® Nm !, Thus inclusion of graphite led to a
reduction in friction by reducing the abrasiveness of
the glass fibre with a simultaneous increase in wear
resistance.

The parameters which influence the friction and
wear properties of a solid polymer metal pair include
applied load; speed; temperature; environment;
counterface material; topography; and geometrical
arrangement of the two interacting surfaces. The pos-
sible variations of these parameters are so large as to
render friction and wear comparisons of different
materials, in widely different applications and situ-
ations, an extremely difficult task. In such cases, only
order of magnitude can be given [17]. Lancaster [18]
observed that the specific wear rate ranged over 5
x 10718 to 10713 m3* Nm ™!, for filled and unfilled
thermoplastics during sliding against steel at room
temperature on a pin and disc machine. The present
composite thus seems to have fairly good wear resist-
ance in the order of magnitude 107> m®*Nm ™" In
Fig. 5, wear and specific wear rates under various
loading conditions, and the corresponding temper-
ature rise in the pin subsurface, are shown. In the wear
against load relationship, specific wear rate seems to
increase with load. According to Tsukizoe and Ohmae
[197 such behaviour is due to the deterioration of the
fibre matrix adhesion at increased load caused by
higher frictional heating. As in the delamination
theory [20] fibre-matrix debonding takes place due to
repetitive mechanical stresses which in turn depend on
fibre orientation and load. SEM observations of worn
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Figure 4 Steady-state wear curves for two PEI composites of PEI;
{load 43 N, speed 2.1 msec™ ! and counterface (R,) 0.16 um). (-®-)
PEI + GF; (-O-) PEI + GF + graphite.
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Figure 5 Wear (-O—-0O-); specific wear rate (~[J-) and temperature
rise of pin surface (—@-) as a function of load; (speed 2.1 ms™%;
counterface (R,) 0.20-0.25 pm and distance slid, 4 km).

surfaces of this composite have clearly shown such
debonding is due to increased load. Thus at higher
loads, peeling off or pulling out of fibres or its pieces
becomes easier, which in turn is reflected in a higher
wear rate. In Fig. 6 the wear data of the composite are
plotted as a function of sliding distance. Specific wear
rates at increasing time intervals were also calculated
and are plotted in the same figure. Both wear and wear
rates increased with increased sliding distance. It

should be noted that wear and distance in the plots are
not cumulative values. Wear in each interval has been
plotted as a function of distance in that interval. Wear
rate as seen in Fig. 6 increases almost linearly with the
increase in sliding distance; frictional heat also in-
creases. This could influence wear mechanism in the
following ways.

1. With increased temperature, lubricating effici-
ency of graphite decreases, as it depends on the ad-
sorbed layer of moisture.

2. According to delamination theory [20], fibre—
matrix adhesion weakens due to repetitive mechanical
stresses, and fibres are easily pulled out resulting in
higher wear with sliding distance.

3. Wear may increase due to fatigue induced into
the sliding surface of the composite with sliding dis-
tance.

4. SEM studies

Pin and disc surfaces were observed in typical cases
and are shown in Figs 7-11. The virgin pin surface at
two different locations is shown in Fig. 7a, b. It is seen
that most of the fibres are normal to the sliding surface
(Fig. 7a). However, some fibres are in the plane of the
sliding surface (Fig. 7b). Fig. 8 consists of micrographs
of the pin surface and relevant EDAX studies (corres-
ponding to Fig. 4). It is apparent that after 20 km of
traversal under load 43N and speed 2.1ms™}
cracks are generated and propagated from one fibre
tip to other. If compared to a virgin surface, the worn
surface is very smooth. Fibre tips normal to the
surface can be seen from silicon dot mapping, as
shown in Fig. 8b. It seems that the polymer surface is
fully covered with the wear powder of glass fibres
while sliding against mild steel. Iron-dot mapping at
the same location is shown in Fig. 8¢. While sliding
glass fibres in the composite abrade the disc, and
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Figure 7 SEM micrograph of PEI + GF + graphite composite before wear test (a) rough surface topography and fibre tips normal to the

surface; (b) fibre lying longitudinally on the surface.

metallic wear powder (iron) generated in abrasion is
back-transferred on to the soft and hot polymer sur-
face. Such back-transfer of iron was also observed in

the case of PEI + GF composites [11]. Czichos [21]

has reported similar iron back-transfer in the case of
PPS + GF composite sliding against mild steel.

In a brittle matrix such as epoxy, cracks generated
in the matrix propagate right through the fibre when
the bonding between fibre and matrix is strong. In a
highly ductile matrix such as polyurethane, the cracks
cannot propagate through the matrix and fibre.
Therefore the fibre bends with the matrix under the
asperity contact and the wear rate of this kind of
composite is controiled by the wear rate of the fibre.
Earlier experiments show that in such cases the ends of
fibres in such composites are extremely well polished
and elliptical rather than circular, although the fibres
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Figure 8 SEM micrograph of the pin surface worn under steady-
state conditions (load, 43 N; speed, 2.1 m s !; counterspace (R,)
0.16 pm; distance slid, 20 km). (a) crack propagating from tip to tip
of a fibre; (b) and (c) corresponding EDAX analysis. (b) Silicone dot
mapping and (c) iron dot mapping.

are perpendicular to the surface. This indicated that
fibres are worn gradually in very small increments
when these fibres are bent under sliding [16].

The SEM micrograph of a pin surface worn under
high P~V values (load, 112 N; speed, 2.1 ms™?) for
2h are shown in Fig. 9. These micrographs show
interesting features of the wear mode. From the micro-
graphs in Fig. 9a—d, it seems that this composite wore
in a fashion similar to highly ductile, graphite-fibre-
reinforced polyurethane [16]. From Fig. 9a, the severe
melt flow of the polymer in the direction of sliding due
to high frictional heating under loading condition is
noted. The surface appears to have an excess concen-
tration of glass fibres, most fibres being normal to the
surface. Crack propagation in the sliding direction can
be distinctly seen. One fibre in the bottom seems to be
pulled out and polymer material in its vicinity is lost.
Multiple cracks can be observed in its vicinity. It may
be surmised that as sliding commences the polymer
starts wearing and is lost more readily than the fibres.
Eventually, an array of protruding fibres supporting a
large fraction of load is apparent from this micro-
graph. The fibre tips are essentially elliptical and well
polished, resembling those in the polyurethane matrix

[16].



Figure 9 SEM micrograph of pin surface at different locations. (a) Severe melt flow of polymer in sliding direction, maximum fibres with
elliptical tips normal to surface, cracks generated in sliding direction and a pull out of fibre. (b) Magnified view of pulled-out fibre from the
matrix with elliptical and polished tip. (c) Elliptical fibre tips, crater where molten material is chipped off with array of unworn fibres (left top).
(d) Multiple parallel microcracks perpendicular to the sliding direction indicating fatigue, cavities due to fibre consumption, deterioration in

fibre matrix adhesion.

A magnified view of one such fibre is shown in Fig.
9b, supporting the suggestions discussed earlier. As
the load and sliding time increase, fibre-matrix bon-
ding deteriorates. In Fig. 9c¢, different locations on the
same pin surface are shown. Many worn tracks seem
to be essentially broken “cold-welded” adhesions.
Some polymeric molten material has been peeled off
and appears to be embedded with elliptical fibre tips.
The surface where some material has been chipped off
has a crater, with an array of unworn fibres with
circular tips inside it. Severe plastic deformation and
the local melt adhesion of the resin from some por-
tions to the metal are the dominant features of Fig. 9¢.
Fig. 9d shows multiple parallel microcracks perpendi-
cular to the sliding direction throughout the surface.
Crack initiation 1s believed to be due to the tensile
component of the principal stress in the contact zone,
and these cracks grow due to repetitive sliding, Jain
and Bahadur [22] observed similar cracks in the
surface of filled polyamidemide (PAI) at load 57 N and
speed 1 msec™'. The progressive crack growth due to
repetitive sliding at asperity contacts is indicative of
fatigue mode of wear [22]. A number of small pits are
also seen in Fig. 9¢ and d which are created by the
extraction of graphite particles from the matrix under
the effect of frictional force. Another interesting fea-
ture of Fig. 9d is the wear thinning and fibre breakage
which is embedded longitudinally on the surface.
Fibre-matrix separation (debonding) along the inter-
face due to high mechanical stresses can be seen. Some

glass fibres seem to be consumed due to wear, leaving
behind cavities of appropriate sizes. One worn-well
polished fibre tip can be seen in the left portion of the
micrograph. Severe plastic deformation associated
with the removal of larger material patches and fibres
from the surface is apparent in the middle portion.
In Fig. 10, the corresponding disc surface worn
under similar sliding conditions to those seen in Fig. 9
(load, 112 N; speed, 2.1 msec™ ') is shown. From the
micrograph it is apparent that because of the high
frictional heat generated at the interface under such
severe sliding conditions, molten polymer was ex-
truded from the pin surface. Because of stronger adhe-
sion of this material to the counterface, it is readily

Figure 10 SEM micrograph of a counterface (mild steel disc) show-
ing transferred layers of molten polymer (load, 112 N; speed,
2.1 ms™!; sliding time 2 h).
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Figure 11 SEM micrographs of pin surface worn under high load (132 N) and speed (2.1 ms™'). (a) Fibre—matrix debonding wear thinning of
a longitudinal fibre, cavities due to fibre consumption. (b) Deep cracks initiating and propagating from fibre to fibre, pits formed due to

graphite extraction and fibre consumption.

transferred on to the disc in the form of overlapping
layers, leaving the craters behind as shown in Fig. 9c.
Wedge-shaped asperities are covered in various places
by such molten material.

Fig. 11a, b shows the worn pin surface under ex-
treme load conditions (load, 132 N; speed, 2.1 msec™?)
polymer pin surface seems to be damaged severely and
extensive plastic deformation is apparent. Cavities are
formed due to consumption of fibres which were
perpendicular while wearing. The intersection of mul-
tiple cracks, severe melt flow of polymer and the pits
formed due to extraction of graphite particles can also
be seen (Fig. 11a, b). Thinning and breakage of fibres
lying in the plane of the pin surface, their interfacial
debonding with the resin and cracks in the direction
perpendicular to sliding (Fig. 11a) are indicative of
severe damage due to high loading.

5. Conclusions

Graphite inclusions in the glass-fibre-reinforced
composite of PEI were found to be effective in the
tribological sense. Friction coefficient was reduced to
a steady, low value (from 0.25 to 0.12). Specific wear
rate also showed improvement from 4.5 x 10~ 15 to 1.2
x 107> m3*Nm ™! which indicates good wear resist-
ance. Glass fibres seem to improve the wear resistance
of polymer composites, due to the fact that fibres
exposed to the sliding surface support the applied
load. Also, penetration of the steel asperities into the
polymer surface was reduced due to graphite inclu-
sions, so that micro-ploughing and micro-abrasion
were no longer effective. The composite did not wear
by the polymer film transfer mechanism, but by
graphite transfer, and in the severe sliding condition,
gross transfer of molten polymer on the counterface
was observed. Fatigue was found to be dominant in
wear along with abrasive and adhesive processes.
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