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Abstract

Influence of fabric reinforcement in polymers is well investigated in the unidirectional sliding wear mode leading to adhesive wear of
the composites, but not in the case of low amplitude oscillating (fretting or reciprocating) wear mode. In the authors' laboratory, series
of polyetherimide (PEI) composites reinforced with fabrics of carbon and glass were investigated in this respect. In this paper, results
on the low amplitude oscillating wear of three composites, viz. CCF, CAF and CHY containing fabrics of carbon (CF), aramid (AF) and
combination of both (hybrid, HY) based on PEI matrix are presented. After characterizing for physical and mechanical properties, these
composites along with the unfilled PEI (C0) were evaluated for their low amplitude oscillating wear performance on SRV optimol tester
under different loads and temperatures using ball-on-pin configuration. It was concluded that the carbon fabric proved to be significantly
beneficial in improving the friction and wear performance of PEI under all loads and temperatures. AF inclusion on the other hand, proved
beneficial for improving the friction behaviour moderately. It also improved the wear performance of PEI under high loading conditions
but not under high temperature conditions. At 100 °C, the wear performance was poorer than that of unfilled PEI. Interestingly, friction
behaviour of hybrid composite was almost similar to that of CAF but not the wear behaviour. The wear performance of CHY under high
loading condition was little lower than that of CAF, but significantly better than that of unfilled PEI. The CHY had clear edge over CAF in
the high temperature wear performance. At temperatures up to 150 °C, it exhibited improved wear performance unlike CAF. Beyond that,
however, the performance deteriorated. SEM studies proved to be helpful in understanding the wear mechanism.

Keywords: Polyetherimide; Fibre reinforced polymer; Carbon fabric (CF)

1. Introduction

Wear of a component under oscillatory relative motion (ei-
ther linear or torsional) of small amplitude of displacement
is termed as low amplitude oscillating wear or fretting wear
[1,2]. This is further subdivided as fretting fatigue, fretting
corrosion or reciprocating wear depending on the amplitude
of the displacement, material involved and the environment.
This special type of wear of components, which includes
most interference fits and devices subjected to vibrations,
can reduce their reliability significantly. Once the amplitude
exceeds a critical value, the wear mode changes from fret-
ting to reciprocating and wear rate rises very rapidly. How-
ever, there is no clear cut demarcation line defined for such
a transition and it depends on the pair of contacting surfaces

and operating conditions. Wear processes in such dry fric-
tional contacts are considered as the succession of individ-
ual events involving particle detachment from the contacting
bodies, i.e. debris formation, its trapping, shearing and com-
pacting in the contact zone followed by elimination from
the zone. Among these, the elimination process is minimal
if the slip amplitude is very small. In the case of engineer-
ing polymers, the effect of contact zone kinematics on the
wear is significant when the third body formation leads to
abrasion and the transfer of polymer films to the counterface
as well. The wear process is also affected by the formation
of 'loose' or 'tight' compacts from the debris and its subse-
quent rheological behaviour [3]. Thus, the wear behaviour
of materials is quite different from that in other wear modes
and cannot be predicted a priori.

The tribo-components such as rolling bearings used for
small oscillatory movement, bearing's outer ring and hous-
ing, wire ropes, electrical switch gears, multilayer leaf
springs, palliatives, spline couplings flanges, seals, riveted
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and pinned joints etc. may suffer from such type of wear
damage [4]. However, not much is reported on such wear
behaviour of polymers and composites, which form an im-
portant class of engineering materials [5-14]. This is more
alarming in the background of vast literature available for
metals and alloys [1]. Fibre reinforced polymers (FRPs) are
extremely important tribo-materials and at times, such com-
ponents can undergo serious fretting wear damage. Carbon
FRP (CFRP) ropes for example, if used in the place of steel
rope for the construction of light weight suspension bridge,
low amplitude oscillatory wear would occur between the
retaining parts and the CFRP ropes [12]. Moreover, CFRP
components in the aeronautical and space applications suf-
fer from the similar damage. Influence of solid lubricants
or fibre reinforcement is most unpredictable in the case of
oscillatory wear of polymer composites, where both ben-
eficial as well as detrimental effects have been reported
[8,13]. Though the fabric reinforced polymer composites
are significantly superior to the long fibre reinforced com-
posites in terms of strength and sliding wear performance
(in adhesive and abrasive wear modes) [15], no papers
could be available on evaluating the potential of fabric rein-
forcement for improving the oscillatory wear performance
of the polymers. In the authors' laboratory such studies
on polyetherimide (PEI) reinforced composites with glass
fabric of three weaves were conducted and improvement
in friction and wear performance of PEI was reported in
the case of plain weave composite [16]. In a further work
on the carbon fabric composite of PEI, significant potential
of carbon fabric (CF) for improving mechanical proper-
ties and oscillating wear performance of PEI was observed
[17].

In the work presented in this paper, aramid fabric was
selected as reinforcement in PEI because of its proven po-
tential to enhance the abrasive wear resistance of PEI [18].
Since the oscillating wear mechanisms are dominated by
abrasion due to the debris in the third body interphase, it was
anticipated that the AF + PEI composite would show very
good tribo-potential in fretting wear mode. Hence, studies
on AF + PEI composite were conducted and presented in
this paper along with some data on CF + PEI composite
published from the earlier paper [17] for comparison. It was
also thought worthwhile to examine the influence of com-
bination of both the fabrics in a hybrid composite in this
respect. The research findings on four composites including
neat PEI are presented in this paper.

Table 1
General properties of the reinforcements

Properties

Density (g/cc)
Tensile strength (MPa)
Tensile modulus (GPa)
Failure strain (%)
Poisson's ratio

Aramid (Kevlar 29) fabric

1.44
3000
60-65
2.4
0.30

Carbon fabric

1.85
4100
230
1.0
0.3

2. Experimental

2.1. Fabrication of composites

PEI, a high performance engineering thermoplastic poly-
mer, was used to make composites in this work and was
supplied by GE Plastics (USA) in a granular form. General
properties for fabrics of carbon (PAN-based high modulus)
and aramid (Kevlar 29) are shown in Table 1.

The composites were prepared using hand lay up
prepreg technique followed by compression moulding
[19]. The pre-selected number of plies (Table 2) of size
30 mm x 30 mm were cut from the fabric. The viscous so-
lution of PEI in dichloromethane was applied to a stretched
fabric by hand lay up process. The prepregs were dried for
24 h in the ambient atmosphere followed by the compression
moulding. The moulding conditions are shown in Table 2.

2.2. Characterisation of the composites

The composites with aramid fabric CAF, carbon fabric
CCF and hybrid fabric (combination of aramid and carbon
fabric) CHY were characterised for their physical and me-
chanical properties as shown in Table 3. The data on PEI
(suppliers' data) are also included in Table 3.

2.3. Oscillating wear studies

Wear studies were done on SRV optimol tester as shown in
Fig. 1. The chromium steel ball of diameter 10 mm oscillated
against a polymer plate (10 mm x 10 mm x 4 mm) under
identical operating parameters [17]. The stroke length (full
oscillation peak-to-peak width) was fixed as 1 mm, while the
frequency of oscillation was 50 Hz and the duration of each
experiment was 1 h. Load varied from 50 N to 200 N, while
temperature varied from 25 °C to 200 °C. The direction of

Table 2
Processing

Composite

CAF

CCF

CHY

parameters and conditions used for

Number of plies

24
24
12 (aramid) + 6b (carbon)

fabricating PEI composites

Temperature (°C)

285a

400
285a

Pressure (MPa)

75
75
75

Breathing duration (s)

2-3
2-3
2-3

Number of breathings

10
10
10

a Since AF has lower melting point than that of PEI, processing of FAF composite was done at lower temperature.
bThe sequencing of the layers was in 2:1 ratio.
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Table 3
Details of the composition and properties of fabricated composites

Composites

C0 CCF CAF CHY

Density (g/cc) ASTM D 792

Composition (fabric)
wt.%
vol.%

Hardness (shore D) ASTM D 2240
Tensile strength (MPa) ASTM D 638
Tensile modulus (GPa) ASTM D 638
Elongation at break (%) ASTM D 638
Flexural strength (MPa) ASTM D 790
Flexural modulus (GPa) ASTM D 790
Interlaminar shear strength (ILSS) (MPa) ASTM D 2344
Impact strength (kJ/m ) charpy impact
Toughness (J)

1.27 1.58 1.33 1.24

-

-

92

105

3

60

150

3.3

37

_

75

69

95

540

62

5.1

620

24

46

70

8.90

75

74

90

318

19

1.8

98

11

13

300

14.4

AF: 55, CF: 25

AF: 58, CF: 23

91

196

40

1.7

83

6

20

149/40
a

1.92

Properties of C0 (except hardness) as per data supplied by the supplier.
a 149 when hammer strikes from the aramid fabric side and 40 from carbon fabric side.

fabric in the composite plate was always parallel to that
of the slip. High temperature studies were conducted on
the samples by heating them at preset temperature with the
built-in heater fixed below the sample holder. The coefficient
of friction (/x) was continuously recorded on the strip chart
recorder. Wear was calculated from the measurement in loss
in weight after cleaning the wear debris from the surface
of polymer sample and cooling it to ambient temperature
prior to weighing on a balance with accuracy upto 0.01 mg.
Specific wear rate (K0, m3/Nm) was calculated from the
following equation

AV

where AF is the wear volume (m3) calculated from the
weight loss data; A the full oscillation width (m); ν the fre-
quency (Hz); t the duration of experiment (s); and FN is the
load (N).

HORIZONTAL
MOVEMENT

(OSCILL.)

MEASUREMENT

Fig. 1. Schematic of SRV optimol tester.

Each experiment was carried out three times and average
value was considered. If the variation in two wear readings
was more than 5%, the reading was discarded and experi-
ment was repeated for fourth time.

3. Results and discussion

3.1. Influence of fabric reinforcement on physical and
mechanical properties

As seen from Table 3, best mechanical properties (except
impact strength, toughness and elongation to break) were
exhibited by CCF while CAF showed the best impact and
toughness property. Hybrid composite, however, did not
exhibit all the properties as per rule of mixtures. Few prop-
erties such as tensile strength, flexural strength and modulus
were poorer than that of composites with the parent fabrics
and was thought of due to the inadequate moulding tem-
perature used in the case of CHY as compared to the CCF.
Since AF has lower thermal stability, the moulding tem-
perature was restricted to 285 °C instead of 400 °C. Strands
in carbon fabric in the CCF could be better wetted by the
molten resin than the CF in CHY due to low temperature.
The softened PEI at 285 °C could not penetrate the strands
in each fibre. Higher the wetting of strands, higher is the
integrity and strength of the composites. Thus, poor wetting
of CF resulted in lower mechanical properties of CHY.

3.2. Results on friction and wear studies

Friction coefficient as a function of sliding duration
was plotted for all the composites under all the operating
conditions [19]. These 32 graphs, however, could not be
reproduced in this paper. For CCF, M decreased with sliding
duration while for CAF and CHY, it increased. For PEI, it
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Fig. 2. Friction coefficient (steady state) of selected composites as a
function of (a) load (operating temperature: 25 °C) and (b) temperature
(operating load: 100 N).

did not show any change. In general, \x showed stabilised
value after sliding approximately for 30min. These sta-
bilised values were used while plotting the data in Fig. 2.
Results on friction coefficient as a function of load and
temperature for all the composites are shown in Fig. 2a
and b, while the data on specific wear rate as a function
of load and temperature are plotted in Fig. 3 a and b. Worn
surface micrographs are given in Figs. 4-6, while possible
wear mechanisms in the case of oscillating wear of fabric
reinforced composites are shown in the schematic in Fig. 7.

Following are the salient observations from the studies.

• \x of unfilled PEI was highest (0.4) and did not depend
on any operating conditions such as sliding duration, load
and temperature.

• With increase in load and temperature, coefficient of fric-
tion of CCF decreased, while that of CHY and CAF in-
creased. The extent of variation depended on the material
and operating conditions.

• The specific wear rates of composites increased with in-
crease in load and temperature, the extent of variation,
however, was composition specific.

50 100

(a)

150 200

Load (N ) -

250

10

(b)

100 150

- Temperature (°C)

100

Fig. 3. Specific wear rate K0 of selected composites as a function of (a)
load (operating temperature: 25 °C) and (b) temperature (operating load:
100 N).

• Inclusion of fabrics was definitely beneficial for reducing
the coefficient of friction of PEI but not necessarily wear
in all operating conditions.

• Inclusion of carbon fabric was significantly beneficial for
reducing the coefficient of friction and wear of PEI in all
the operating conditions. The reduction in \x was more
than 50%, the extent of reduction, however, depended on
operating conditions. The reduction in wear rate due to
CF was more pronounced at higher loads rather than at
higher temperatures. The wear rate of PEI was reduced
by four times at 200 N while at 200 °C, it was lowered by
2.2 times.

• Inclusion of AF in PEI was beneficial from friction point
of view, but not from wear point of view always. Overall
benefits endowed by the inclusion of AF on friction were
comparatively less than that of CF. Approximately 25%
reduction in \x of PEI was observed and the extent of
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Fig. 4. SEM micrographs of the worn surface of composite CAF: (a-c) worn under 200N and 25°C; (d-e) worn under 100N and 200 °C.
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(C) (f)

Fig. 5. SEM micrographs of the worn surface of composite CHY: (a-c) worn under 200 N and 25 °C; (d-f) worn under 100 N and 200 °C.
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Fig. 6. SEM micrographs of the steel ball surface worn against: (a) composites CAF (under 100N and 25 °C); (b) composite CAF (under 100N and
200 °C); (c and d) composite CHY(under 100N and 200 °C); and (e) composite CHY (under 100 N and 25 °C).
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(c) Enhanced fibre matrix
debonding

(g)Embedment of
metallic wear
debris

(a) Removal of patches
from molten/softened

(b)Cracks in matrix resulting
plastic deformation

(f)Excessive cracking in fibre
in anti-parallel direction
leading to pulverization.

matrix

(d)Peeled off pulverized
fibre

(e)Wear thinning of
fibre (sliding wear)
in parallel direction

Fig. 7. Various possible wear mechanisms during low amplitude oscillating wear of fabric reinforced polymer composite.

this very much depended on operating conditions. AF in-
clusion improved wear resistance of PEI at various load-
ing conditions but not at temperatures beyond 25 °C. At
200 N, improvement in wear behaviour due to AF inclu-
sion was 2.5 times. However, with increase in temperature
from 25 °C to 100 °C, wear performance of CAF deteri-
orated by a factor of 10. Wear rates of CAF at 100 and
200 °C were higher than that of neat PEI by three times
and 5.5 times respectively confirming the excessive sen-
sitivity of wear of CAF for temperature.

• Simultaneous inclusion of two fabrics, viz. CF and AF in
PEI proved beneficial from both friction and wear points
of view under all the conditions except at 200 °C. Since
amount of AF in CAF was more than two times higher
than the CF, the dominance of AF on tribo-behaviour of
CHY was more. Inclusion of CF in CHY led to the slight
improvement in friction (/XCAF > MCHY 5> CCF) under
all the test conditions but not in wear at higher loads
(K 0CHY > K0CAF » K0CCF). The potential of CF in
CHY revealed only in high temperature conditions where
its performance was distinctly superior to CAF.

3.3. Discussion

The role of fillers in fretting wear situation is different
from that in adhesive wear (unidirectional sliding) mode
since wear mechanisms differ. The wear by ploughing (two

body abrasion or third body rolling) is more dominant than
that by film transfer. For low amplitude oscillating wear sit-
uation as in the present case, wear debris is formed as soon
as wear commences. The debris may have origin from metal
counterface, polymer, fibre, filler or solid lubricant depend-
ing on the composition of the material and operating condi-
tions. The slip amplitude being very small, debris cannot be
eliminated from the contact zone. They form a third body
interphase and separates the contacting bodies of a metal
and composite [7]. It is the nature of this interphase, which
controls the friction and wear of a composite in such wear
mode.

PEI is a highly thermally stable (melting point higher than
380 °C) and hard polymer. It has been reported to abrade
the metallic counterface significantly [19]. The third body
interphase in this case consisted of hard wear debris of PEI
and metal only. Hence, \x was high and independent of op-
erating conditions.

In the case of CCF, which contained the carbon fabric
around 75%, the composition of wear debris was dominated
by the powdered carbon fibres as a result of wear damage.
It is well documented fact that under high PV conditions,
the CF decompose into graphite crystals, which have very
good lubricating properties [7]. The graphite debris forms
a thin lubricating film on the counterface, thereby reduc-
ing the abrasion process drastically. This resulted in low \x
and low wear of the composite. With increase in load, the
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Table 4
Specific wear rates and relative wear resistances (RWR) of PEI composites at various loads and temperatures

Material Load Temperature

50 N 150 N 150N 200 N 25 °C 100 °C 150°C 200 °C

CCF
CAF

CHY

C0

K0

0.8
0.8
1.8
2.5

RWR

3.13
3.13
1.39
1.00

K0

0.9
1.4
2.0
3.8

RWR

4.11
2.64
1.85
1.00

K0

2.0
1.8
2.3
5.7

RWR

5.70
3.17
21.438
1.00

K0

1.5
2.2
1.8
5.9

RWR

2.03
2.68
3.71
1.00

K0

2.0
0.3
2.01
3.8

RWR

3.8
2.53
1.80
1.00

K0

2.0
1.5
3.7
51.0

RWR

3.0
0.33
1.35
1.00

K0

2.0
2.6
4.2
6.0

RWR

3.00
0.23
1.43
1.00

K0

3.0
3.8
8.8
7.1

RWR

2.37
0.19
0.81
1.00

extent of fibre damage and compaction of graphite crystals
increased resulting in more reduction in \x,. Similar type of
mechanisms have been reported in the case of fretting wear
of long CF-epoxy composite [7].

In the case of CAF containing 75% AF, the wear debris in
the third body interphase was mainly due to AF. The aramid
has substantially lower melting point than that of CF. Hence
the physical state of debris (solid or liquid) depended on
the load and applied temperature. AF is a highly oriented
liquid crystalline polymer. This soft, ductile and flexible
fibre tends to fibrillate under wear loading and smear off to
the counterface while other fibres such as carbon or glass
tend to fracture. The wear debris of AF does not build up as
granules as in the case of CF but form a flat thin flake [6]. If
the surface temperature is conducive for softening of melting
of AF debris, the interphase in such a case is less mobile
than the powdery interphase. The molten AF debris thus
has strong tendency to adhere to the counterface leading to
higher /x. Thus, under high loads and temperatures viscous
solution of AF offers resistance to shearing of the third body
interphase. The reduction in the mobility of interphase led
to increase in /J, of CAF at higher loads and temperatures.
When the load was very low (50 N), the flakes of AF were in
a solid form and \x of CAF was even lower than that of CCF .

In the case of CHY, the role of debris of fabrics of car-
bon and aramid was conflicting at higher temperature. Car-
bon debris was lubricating while aramid debris was friction
enhancing. This led to a compromise in friction behaviour.
li. of CHY was always lower than that of CAF. Dominance
of CF in wear behaviour of CHY depended on the operat-
ing conditions. Upto 150 °C, wear of CHY was substantially
lower than that of C0. Beyond 150 °C, however, the role of
aramid debris overpowered and specific wear rate of CHY in-
creased. Thus, the temperature-dependent rheology of soft-
ened or molten wear debris became a decisive parameter in
the case of oscillating wear of composites containing AF.

Table 4 shows the specific wear rates of composites at dif-
ferent operating conditions. It also includes the parameter,
relative wear resistance, RWR (K0-PEI/K0-composite) of the
selected materials. RWR gives better idea of the wear po-
tential of a material. Higher the RWR, better is the material.
Under all loads and temperatures, RWR of CCF was in the
range 2.8-5.8, which confirms significant improvement due
to CF inclusion. Inclusion of aramid fabric also helped to

improve the wear performance under various loads but com-
paratively to a smaller extent (RWR in the range 2.5-3.0).
The CHY also improved the performance of PEI, but to a
less extent.

In the case of wear studies at elevated temperatures,
the RWR of CCF was highest. However, RWR values of
CAF were in fractions. CAF was the only composite, which
showed wear rate in the range of 10~13 m3/Nm at all the
temperatures except 25 °C. CHY showed intermediate wear
behaviour and RWR was higher than 1 upto 150 °C. At
200 °C it was 10 times less than that of PEI. As discussed
earlier, the processing conditions (lower temperature than
the required1) was responsible for this.

3.4. Scanning electron microscopic studies

SEM studies and wear mechanisms in the case of CCF
were discussed in details in our earlier paper [17]. Micro-
graphs in Fig. 4 are for CAF worn under the highest load
(micrographs a-c) and the highest temperature (micrographs
d-f). The micrographs 4a and d show the craters formed due
to 200N at 25 °C and 100 N at 200 °C, respectively. Micro-
graphs 4b and e show the details of the edges of the craters.
The surfaces fretted at high temperature showed higher dam-
age as evidenced by the multiple layers of molten aramid
material and more fibrillation of aramid fibres (4e). Com-
parison of 4c and 4f highlights interesting features. When
load was high (micrograph 4c), a patch of the composite
surface (inside the crater) was peeled off during fretting and
must have been transferred on the ball (observed in Fig. 6 as
discussed later). There are some evidences of remnants of
fibre structure. In the micrograph 4f, instead of intact fibres
or partially melted fibres, the multiple layers of material of
uniform thickness overlapping on each other can be seen.
During further shearing, such layers are prone to thermal
cracking as seen in the micrograph 4f. These layers com-
prise of back transferred aramid material from the ball.
The loosely bound layers are prone to crack and disinte-
grate forming wear debris resulting in high wear at high
temperature.

1 Processing temperature if increased to 400 °C, aramid would have
melted and there would be no reinforcement.
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Fig. 5 shows the micrographs of the surface of CHY worn
at the highest load (micrographs a-c) and highest temper-
ature (micrographs d-f). Micrographs 5a and 5d show the
craters formed due to fretting while micrographs 5b and 5e
show the edges of the craters due to wearing at high load and
high temperature respectively. The various stages of damage
of carbon fibres due to high load can be seen in the micro-
graph 5b. A few fibres are microcracked, some are pulverised
and some are broken into long pieces. Back transferred thin
film of aramid material covering the carbon fibre can be seen
in the right portion of the micrograph. The view of edge
of crater worn at high temperature shows different features
(5f). The multiple layers of granular wear debris of the car-
bon fibres accumulated near the edge. The surface layer of
the granular wear debris shows high extent of compaction.
Such compacted particles of carbon fibres are responsible
for very low \x and low wear due to their inherent lubricat-
ing action. The comparison of an enlarged view inside the
crater (micrographs 5c and 5f) reveals the difference between
the dominant wear mechanisms. Higher load has resulted in
more damage to the carbon fibres but not to the resin. The
cavities left after the removal of fibres and piece of fibre left
(extreme right corner) can be seen. The centre of the crater
of high temperature surface (micrograph 5f) shows layer of
molten aramid material and fine powdery debris of carbon fi-
bre embedded in softened resin (left corner). The lower melt-
ing point of aramid as compared to the carbon fibre and PEI
has been the main reason for high wear and high friction of
composite at high temperatures (molten layer of AF debris in
the interphase, being viscous, offers resistance to shearing).

Micrographs in Fig. 6, show the ball surfaces fretted
against CAF (micrographs a and b) and CHY (micrographs
c-e). Micrographs 6a is forthe ball fretted at 25 °C and 100 N
load, while 6b is for a ball fretted at 200 °C and 100 N. Mi-
crograph 6c is for ball at high load 100 N and 25 ° C while 6d
and e are for ball surface worn at high temperature (200 °C
and 100 N). The influence of temperature on the transfer of
aramid material on the ball surface can clearly be seen in 6a
and b. At low temperature, material transfer is patchy and
thick while at high temperature, the transfer is large but in
the form of very thin film. In the case of hybrid compos-
ite, the nature of film on the ball was different (micrograph
6c). The transfer of material is more uniform as compared
to micrograph 6a. The film, however, is not coherent. The
patches from the ball have been back transferred to the inter-
phase or to the surface of composites. Micrograph 6d shows
this more clearly. The part of the film on the verge of peel-
ing off due to reciprocating shearing action can be seen in
the central portion. Micrograph 6e on the other hand, shows
the accumulated granular debris of carbon fibres on some
portion (edge of the scar) of the ball.

Over all, based on these studies, our earlier studies on
composites reinforced with fabrics of carbon and glass, and
the studies reported on continuous fibre reinforced compos-
ites of PEEK and epoxy [7], following mechanisms appear to
be operative in the case of low amplitude oscillating/fretting

wear of fabric reinforced composites and are schematically
illustrated in Fig. 7.

• Formation of third body interphase containing wear debris
of resin, fibres, metal powder and solid lubricant, if any.
The overall friction and wear behaviour is governed by
the nature of debris, which may enhance the mobility of
the interphase (as in the case of CF) or oppose it (as in
the case of AF in severe operating conditions).

• Removal of the patches of molten/softened matrix and its
transfer to the counterface.

• Back transfer of the wear debris (including metallic, fi-
brous or solid lubricants) on the softened surface of the
composite.

• Repetitive stresses (thermal and mechanical) leading to
deterioration in fibre-matrix adhesion, finally leading to
easy removal of fibres/their pieces.

• Wear thinning of fibres, which are parallel to the slip
direction accompanied with the fibre-matrix debonding.

• Excessive cracking of brittle fibres such as carbon and
glass in the direction antiparallel to the slip, leading to
pulverisation and transfer to the third body interphase. The
dynamic transfer and back transfer of the material from
the interphase to both the contacting bodies separated by
the interphase.

• Peeling off of chunk of cracked and broken fibres leaving
behind cavities of appropriate size.

• Formation of ridges due to extrusion of wear debris on
the matrix surface if it is ductile as in the case PEEK [7]
and PEI leading to stick slip at high temperatures. If the
matrix is brittle like epoxy, cracks would be nucleated and
propagated forming a wear debris after intersection of the
cracks at the meeting junction [7].

4. Conclusions

Unfilled PEI did not prove its suitability for applications
where low amplitude oscillations are inevitable. It showed
high wear rate under severe operating conditions and high
\x (0.41) under all operating conditions. Inclusion of carbon
fabric improved both the fi and wear performance signifi-
cantly under severe operating conditions. Relative wear re-
sistance as high as 5 was observed in this case. Coefficient
of friction was also reduced by a factor of two confirm-
ing the lubricating action of the fibrous wear debris in the
third body interphase. Aramid fabric also showed moder-
ate improvement in friction and wear behaviour under high
loads but not at high temperatures. This composite showed
wear higher than that of unfilled PEI at 100 °C tempera-
ture indicating its unsuitability for application in such wear
mode. Hybrid composite proved better than the AF com-
posite at temperature up to 150 °C. Overall, hybrid com-
posite could be ranked intermediate between the compos-
ites from the parent fabrics from tribological point of view
but not from mechanical strength point of view. SEM stud-
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ies proved to be very important for understanding the wear
mechanisms.
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