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Abstract

The loss in braking effectiveness at elevated temperatures and the revival of the same at lower temperatures is referred to as fade and
recovery, respectively. These characteristics are of decisive importance in the performance evaluation of friction materials. The present
paper deals with the influence of four selected organic fibres, viz. Aramid (AF), PAN (poly-acrylo-nitrile), carbon (CF) and cellulose
(SF), on the fx-fade and fx-recovery of friction composites. It was observed that the type of fibre significantly influenced the fx-fade
and (x-recovery behaviour. It was observed that the carbon fibre based composite showed the highest resistance to (x-fade whereas the
composite based on cellulose fibre showed the least resistance. The recovery behaviour of all the composites was more than 100% and the
extent depended on the type of fibre inclusion. The composites containing AF and SF showed the highest and the lowest wear resistances,
respectively, while the highest and the lowest fx were recorded for SF based and CF based composites, respectively. SEM analyses of the
worn surfaces proved to be useful in correlating wear of the composites to the topographical changes on the surfaces.
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1. Introduction

The temperature sensitivity of tribo-performance of fric-
tion materials has always been a critical aspect while en-
suring their smooth and reliable functioning. Bowden and
Tabor [1] have reported frictional fluctuations in the case
of elastically deforming junctions. The temperature sensi-
tivity of the friction materials is also reported to be influ-
encing the thermo-elastic-instabilities (TEI), which in turn
alters the friction performance at the braking junctions [2,3].
In the front wheel, disc brake pads absorb a major amount
(up to 80%) of the total kinetic energy of an automobile.
This causes the generation of high temperature up to 370 °C
on the disc. The severity of such temperature rise is fur-
ther manifested in the form of a very high flash tempera-
ture up to 600 °C at the contacting asperities [4,5]. At such
high temperatures (x suffers from a loss of effectiveness
called "fx-fade". Further the revival of (x at normal temper-
atures after temporary exposure to braking induced thermal

elevations is referred to as "(x-recovery". Thus to avoid these
thermal induced performance complications, the TEI at the
dynamically mating interfaces are to be reduced. Such ther-
mally induced friction alterations cause deviations in the
Amonton's law of friction. Rhee [6] reported that the in-
verse temperature dependency of frictional shear loads at
the interfacial zones brings out fade and reduces the braking
efficiency. In this regard, the primary attributes in govern-
ing brake fade were proposed to be load fade, speed fade
and temperature fade. The gas evolution at the braking in-
terfaces as a consequence of pyrolysis and thermal degra-
dation of the material resulting in a decrease in the applied
force at elevated temperatures was also proposed to be one
of the possible mechanisms of (x-fade [7]. Fade was also re-
ported to be strongly influenced by tribological history and
shear thinning interfacial rheology at the braking junctions
[8-10]. Traditionally the cause of fade has always been as-
cribed to the degradation of the phenolic resin [11]. Hence
to compensate this, to some extent brass and copper pow-
ders are incorporated into the friction materials as thermal
conductivity boosters and aluminium and zinc powders are
used to impart better recovery characteristics to the friction
material.
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Organic fibre inclusion in friction materials plays multi-
ple roles. It improves toughness and strength of the product
along with increasing the organic contents without increas-
ing level of resin. Several organic fibres such as Aramid
(AF), carbon (CF), poly-acrylo-nitrile (PAN), cellulose (SF),
etc. have been tried in an attempt to replace the asbestos
[12-14]. The Aramid fibre has been successfully employed
in many of the modern day's non-asbestos organic (NAO)
formulations because of its contribution in improving the op-
erational life expectancy of the brakes, imparting low squeal,
smooth friction performance, toughness and friction stabil-
ity. Similarly PAN fibre (a pre-cursor of carbon fibre) forms
a rigid ladder like molecule at temperatures above 180 °C
and thereby increases the strength of the friction material
[15] and are mainly used to enhance the pre-form strength of
the friction materials. While carbon fibres have been used in
many of the friction compositions in which their outstanding
thermal characteristics, capability of reinforcing, moderat-
ing friction performance and enhancing wear behaviour are
exploited [16]. Cellulose fibre inclusion on the other hand
reduces squeal and imparts resiliency to the friction material
apart from improving the pre-form strength [13].

In this scenario developing compositions with higher
resistance to oxidation, thermal degradation and fade, fibre
inclusion is of immense importance. However, no sys-
tematic efforts have been reported to assess the fade and
recovery behaviour as a part of the comprehensive perfor-
mance evaluation of friction materials containing various
types of organic fibres. Such studies are of relevance in
view of the current thrust on non-asbestos organic fibre
reinforced (NAO) friction materials. Hence the present pa-
per deals with the influence of the nature of organic fibres,
viz. Aramid, carbon, PAN and cellulose on the fade and
recovery performance of friction materials.

2. Experimental

2.1. Fabrication and characterisation of the composites

The formulations of friction compositions were designed
based on a fixed master batch consisting of NBR modified
phenolic resin, graphite flakes, cashew dust, brass swarfs,
calcined alumina, expanded vermiculite, Lapinus fibres
(Rb220) steel wool and E-glass fibre (total 72% by weight).
The remaining 28% of the composition was adjusted in
a complementary manner with organic fibres as shown in
Table 1. The SEM micrographs of various organic fibres are
shown in Fig. 1. The parent composite, which was without
any organic fibre, was designated as N. The composites
containing fibres of Aramid, PAN, carbon and cellulose
were designated as A, P, C and S, respectively. The mixing
schedule and the processing conditions of the composites
are detailed in Table 2. The surfaces of the composite pads
were then lightly polished with a grinding wheel to attain
the desired thickness and remove the glazed skin of binder

Table 1
Details of the formulated composites based on the variation in the type
of organic fibres

Class of
ingredients

Master batch
Space filler
Organic fibres

Specifications

BaSO4

Aramid (Kevlar-49, Dupont)
PAN (Sterling CFF V 110)
Carbon (Indcarf-12K)
Cellulose (paper pulp)

Designation and
bywei

N

72
28

0
0
0
0

weight %a

A

72
25

3
0
0
0

P

72
25

0
3
0
0

c

72
25

0
0
3
0

S

72
25

0
0
0
3

aN: with no organic fibre; A: with Aramid fibre; P: with PAN fibre;
C: with carbon fibre; S: with cellulose fibre.

on the surface. The composites were characterised for their
various physical and mechanical properties. The properties
are given in Table 3. As is evident from Table 3, the in-
corporation of organic fibres has always contributed to the
increase in density. However, such an increase due to the
incorporation of pulpy organic fibres was not observed in
their mechanical properties, viz., in their tensile strength,
flexural strength and impact strength magnitudes. Fric-
tion materials are as such expected to be multi-component
porous materials, to some extent. The incorporation of small
amount (3%) of low-density fibre pulps by replacing equiv-
alent amount of high-density barium sulphate, essentially
has added to the porosity as is observed from Table 3. This
increase in porosity reduces the strength, when compared
to the base composite, N.

2.2. Test set-up and procedure for fade-recovery evaluation

The fade and recovery tests were done on a Krauss type
RW DC 100 C, 450 V-50 Hz machine. A schematic diagram
of Krauss machine is shown in Fig. 2. For the present study, a
pearlitic gray cast iron rotor disc of the passenger car (Maruti
Suzuki 1000 cm3) with a radius of 0.12 m and a Brinell hard-
ness of 183-212 was fitted as the mating counterface. The
disc was connected through an interchangeable flange to the
shaft generating a moment of inertia of 2.5 kg m2. The disc
rotation was kept fixed at 660 rpm as a part of the require-
ment of the ECE R-90 standard test. The surface tempera-
ture of the pad and disc could be measured with the help
of a thermocouple lightly touching against the width of the
disc. A couple of pads with an area of 32 cm2 was push

Table 2
Fabrication methodology of the composites

Procedure Conditions

Sequential mixing Total duration 10min, feeder rpm 150, chopper
rpm 300. Sequence: (a) powdery ingredients;
(b) flakes; (c) fibres and pulps; (d) glass fibres

Curing 150 °C, 15MPa, 15min
Post-curing 100 °C, 8h
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(c)

Fig. 1. SEM micrographs of various organic fibres: (a) Aramid; (b) PAN; (c) carbon; (d) cellulose.

fitted in the sliding caliper assembly connected to a pres-
sure actuator against opposite sides of the rotor disc with a
friction radius of 101.0 mm. The load on the pads was ma-
nipulated by keeping the applied pressure at 1.82 MPa. The
load cell linked to the frame carrying the caliper pad assem-
bly measures the frictional force. The Krauss machine itself
was interfaced with a computer for feeding the operational
inputs and data acquisition.

A standard regulation test ECE R-90 described in "uni-
form provisions concerning the approval of replacement
brake lining assemblies for power driven vehicles and

Table 3
Physical and mechanical properties of the composites

their trailers" by UN was followed for the evaluation of
cold friction-fade-recovery characteristics of the friction
materials [17]. The braking pressure of 1.82MPa was ma-
nipulated following the regulation in accordance to the pad
surface area. The flat pad surface were polished to facilitate
a required uniform contact. Before the pads were actually
subjected to the 7 stepped friction assessment tests consist-
ing of 1 cold friction run, 5 fade runs and 1 recovery run,
they were allowed to bed-in for 30 braking applications in
such a manner that the temperature of the disc did not ex-
ceed 280 °C. The disc was allowed to cool down to 100 °C

Properties

Density (g/cm3)
Acetone extractable (%)
Heat swelling (%)
Water swelling (%)
Porosity/void content (%)
Tensile strength (MPa), ASTM D 638
Flexural strength (MPa), ASTM D 7907.6513.610.8013.90
Impact strength (kgm/m), ASTM D 256
Hardness (Rockwell-S)
Compressibility ( x l O ~ 3 ) , ISO 6310

N

1.511
3.28
1.22
1.77
2.78

17.70
7.65

33.46
92 ± 6
11.64

A

2.226
3.10
1.32
3.00
2.70
6.40

13.6
31.49
83 ± 9
7.76

P

1.587
2.78
1.53
3.2
3.10
7.50

10.80
19.68

103 ± 6
10.61

C

1.901
2.79
1.45
7.20
4.60
8.83

13.90
17.71

102 ± 3
3.24

S

2.108
3.60
2.28

11.20
8.80

11.21
16.77
27.55
85 ± 12
3.73
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Fig. 2. Schematic diagram of Krauss machine for fade and recovery tests. 1. Compressed air supply; 2. bearings movable; 3. bearings; 4. option SH
2.5kg m2; 5. emergency stop option; 6. bearings; 7. options SH 5kg m2; 8. air inlet; 9. DC motor; 10. clutch at option SH; 11. belt drive; 12. generator.

intermittently in the case of temperature rise exceeding
280 °C. The braking duration and the interval between two
successive brakings were kept at 5 s each. The uniform
contact of the friction surface was thus assured through
30 cycles of initial bedding-in operation under a bedding
load of 2 MPa and at a speed of 660 rpm on the disc. This
was done to ensure more than 80% of conformal contact.
The disc and pad surfaces were allowed to cool down to a
temperature of less than 100 °C provided the temperature
rise was more than 280 °C during the course of bedding
to ensure a controlled friction-induced thermal history. Af-
ter completing the bedding cycle, the cold friction cycle
was initiated, consisting of 10 brakings, where the initial
temperature was maintained at 45 °C with the help of the
air blower to dissipate the excessive frictional temperature
rise. After this followed the subsequent five cycles of fade,
termed as first, second, third, fourth and fifth fade runs. The
fade experiments thus consisted of 5 fade runs each of 10
brakings, where the initial braking was at 100 °C allowing
the friction-induced temperature to rise uninterruptedly until
the completion of all the 10 brakings of each fade cycle. The
subsequent fade run began after the disc was cooled down
to a temperature of 100 °C in a way similar to the first fade
run (FFR). The sequence was repeated till all the five-fade
runs were completed. Finally after completion of the fifth
fade run the disc was cooled to a temperature of 100 °C
and with the air blowers on, the recovery run was carried
out. This was the seventh and ultimate cycle of the ECE R
90 standard run. The frictional force and temperature rises
of the disc surface were recorded after every cycle of brak-
ing operation in a synchronised manner. Using the in built
software in the machine, averaging and plotting of (x were

done. The performance (x was calculated as the average
friction coefficient of all the 70 braking operations irrespec-
tive of the nature of the run, viz. cold cycle, fade cycle and
recovery cycle. Fade (x was the average of the friction coef-
ficients measured across all the five-fade runs. The recovery
(x was calculated as the average of the friction coefficients
recorded in the recovery run. The wear was calculated in
terms of loss in weight followed by conversion into volume
loss. For each sample the experiment was repeated twice
and the results were within 95% of the confidence level.

3. Results and discussion

The constant speed (660 rpm), constant interval (5 s)
and constant pressure (1.82 MPa) R-90 frictional response
of the four composites is summarised in Table 4. Table 4

Table 4
R-90 frictional response of the composites

Performance
attributes

Performance [x
Fade [x
% Fade
Recovery [x
% Recovery
Max. [x
Min. [x
Temperature

rise of disc
(max. [xC)

Wear (g)

N

0.316
0.272

13.92
0.336

106.32
0.346
0.261

347

3.31

A

0.329
0.285

13.37
0.352

106.99
0.365
0.259

373

1.347

P

0.295
0.256

13.22
0.324

109.83
0.333
0.247

331

1.953

C

0.297
0.290
2.357
0.321

108.00
0.321
0.242

302

1.841

S

0.438
0.358

18.26
0.490

111.87
0.490
0.234

455

5.218
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Fig. 3. Variation of friction coefficient and temperature rise of the disc (plotted synchronously) of the composite N.

incorporates the average (x over all the braking (performance
(x), the fade (x and the recovery (x. The (x and corresponding
temperature rise during each braking application are plotted
synchronously in Figs. 3-7 for the selected composites. The
extent (%) of fade and recovery of (x of the four composites
is presented in the histogram (Fig. 8). The thermo-chemical
reaction sequences of the various organic fibres are given
in Fig. 9. The variation in the wear behaviour of the com-
posites is shown in Fig. 10. The worn surface study of the
composites was carried out using SEM and the micrographs
have been collected in Fig. 11.

It was observed from Figs. 3-7 and Table 4 that the P
and C composites have exhibited lower performance (x and
S the highest one. The composites, N, A and S have shown
a progressively decreasing trend of friction fading while the

composite P has shown a consistently repetitive fading ten-
dency with the increase in the number of fade cycles. The C
composite in this regard was exceptional, which had shown
a nominal fading tendency only in the fifth fade run. The
N and A showed moderate performance (x. As evident from
Table 4, the performance (x order was S > A > N > C > P ,
while the (x after recovery of the composites was in the order
S > A > N > P > C . Though there was not much differ-
ence in recovery behaviour of the composites, the highest
recovery was shown by S followed by P, C, A and N, The
tendency to fade was in the order S > N > A = P > C . The
fade and recovery characteristics of (x of all the five com-
posites studied have been observed to be well within the IS
2742 prescribed permissible ranges of 0-30 and 90-140%,
respectively.
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Fig. 4. Variation of friction coefficient and temperature rise of the disc (plotted synchronously) of the composite A.
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Fig. 5. Variation of friction coefficient and temperature rise of the disc (plotted synchronously) of the composite P.

3.1. Friction performance of the composites

In the N composite (parent composite) containing no
organic fibre, the frictional output was reflected at 0.316
(Table 4). However, incorporation of Aramid fibres im-
proved the (x nominally. While studying the influence of
individual fibre on a NAO formulation (compositions not
revealed) Crosa and Baumvol [14] have reported that the
inclusion of 4% AF increased the (x of the parent formu-
lation by approximately 10% and further inclusion of AF
by 8% enhanced it by 20%. In the present study, however,
enhancement to such a high extent was not observed. The
AF has lower thermal stability as compared to carbon and
glass fibres and melts around 500 °C. It forms a molten,
viscous glassy layer on the area of contact of the counter-

face during sliding under high PV conditions. This viscous
layer is responsible for enhancing the (x [18,23].

Inclusion of PAN or carbon fibres resulted into lower and
almost similar performance (x responses (0.295 and 0.297,
respectively). These high strength and high modulus fibres
with outstanding resistance to thermal degradation help the
composites to absorb a major share of the stress, thereby
a lower amount of energy dissipates as frictional output,
PAN fibre is the precursor of CF. CF has parallel planes of
fused rings. Alignment of lamellar planes along the fibre
axis imparts anisotropy and hence inherent lubricity causing
the reduction in (x of the parent composite.

The performance (x has been observed to be the highest
for the cellulose fibre based composites. This was attributed
to its typical structure of this linear polymer. As seen in

800

Fig. 6. Variation of friction coefficient and temperature rise of the disc (plotted synchronously) of the composite C.
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Fig. 7. Variation of friction coefficient and temperature rise of the disc (plotted synchronously) of the composite S.

Fig. 9, repeating unit consists of two chemically identical
rings, which are not planer but puckered. The second ring is
inverted over from the general plane of the first ring. Oxy-
gen linkages connecting to these rings called (3 glycoside
linkages are weak and are responsible for the easy break-
age of the molecular backbone of the fibre. Hence such fi-
bres are reported to have a very low work of rupture [19].
Thus during braking generation of shear stresses facilitate
the disintegration of the fibres at the (3 glycoside linkages
and weaken the stress absorbing capacity of the composite.
This inevitably resulted in the higher (x.

3.2. Wear of the composites under fade-recovery conditions

Wear was the highest in the case of composite S followed
immediately by the composite N, as evident from Table 4

Fade Recovery Temp.

Fig. 8. Histogram showing the magnitude of [x-fade, [x-recovery and
temperature rise of the disc corresponding to the composites N, A, P, C
and S.

and Fig. 10. The incorporation of AF, CF and PF (PAN fi-
bre) to the parent composition caused a drastic reduction in
the wear. This was attributed to the fact that the incorpora-
tion of such fibres modifies the quality of the transfer film
and its adherence to the rotor disc. The better is the transfer
of the film and its subsequent adherence to the counter-face,
the lower is the wear. In the case of AF, PF (PAN fibre)
and CF, the film transfer efficiency is well established [20].
Hence the wear was low. On the other hand in the case of
cellulose fibre inclusion, the wear was the highest because of
the thermal degradation property of the cellulose. Removal
of fibres due to degradation was not the only cause of high
wear. It also affected the overall integrity of the composite
adversely. SF degrades completely into CO2 at a tempera-
ture above 200 °C. Thus degradation of cellulose fibre on
the surface and the sub-surface region cause generation of
thermal voids, which act like cracks intensifying the further
propagation of the already existing surface or sub-surface
flaws with each braking operation causing the surface dam-
age and debris detachment easier. (This was observed during
SEM studies of the worn surface of this composite as dis-
cussed in subsequent section.) All these factors were thought
responsible for the excessive wear of composite.

3.3. Variation in fi-fade with number of fade runs

In the composite N (Fig. 3) the extent of fade diminished
progressively with the increase in the number of fade cycles.
It was observed to be higher in the two initial fade runs (FR)
followed by almost identical frictional response in succes-
sive FR. However, the (x-fading was almost consistent in the
composite A (Fig. 4), barring the first FR. In the first FR the
fading tendency was witnessed from the fourth braking on-
wards. In the second FR it was observed to be commencing
from the seventh braking cycle. From the third to fifth FR
the fading tendency was observed to be commencing from
the ninth braking onwards. This delay in fading shows its
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Fig. 9. Thermo-chemical reaction sequences of the various types of organic fibres: (a) carbon fibre; (b) PAN fibre; (c) cellulose fibre.
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Fig. 10. Wear of the composites under fade-recovery conditions.

dependency on the tribological (braking) history of the com-
posites. Such observations have been reported earlier also
in the case of Lapinus and Aramid fibre based ternary com-
posites [21,22].

In the composite P (Fig. 5), the (x-fading tendency was
consistently observed from sixth braking onwards in all the
FR suggesting that in PAN composite, the friction perfor-
mance was less dependent on the tribological history of the
composite. On the other hand in the case of the C compos-
ite (Fig. 6) the observed fade tendency was minimal. The
(x showed an increasing tendency in the first four fade-runs
followed by a nominal fading tendency in the fifth FR. Thus
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(a)

Fig. 11. SEM of the worn surfaces of the composites: (a) N, (b) A, (c) P, (d) C and (e) S. (1) Primary plateaus; (2) secondary plateaus.

it was deciphered that the composite exhibited practically no
fade variations in terms of performance suggesting its min-
imal dependency on the tribological history of the compos-
ite under similar pressure and speed conditions. In the case
of composite S (Fig. 7) a strong fading tendency was regis-
tered in all the five FR. The tendency of fading was more
in the first three fade runs as compared to the last two. De-
spite the uniformity of the occurrence of (x-fade, the com-
posite had exhibited a progressively decreasing tendency of

the same with the number of fade runs. Thus it can be sum-
marised that the composite S showed a strong dependency
on its tribological history. Thus cellulose-based composite
has exhibited lower friction stability.

3.4. Fade behaviour of the composites

As evident from Table 3 (Fig. 8) the fade behaviour of
the composites was in the order. S > N > A > P > C .
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The (x-fade characteristics of the composites A and P were
observed to be almost similar, i.e., 13.37 and 13.22% of
fade, respectively (though their performance (x were differ-
ent) while that of N was little higher (13.92%). Thus the
inclusion of Aramid or PAN fibres improved the fade resis-
tance of the parent composition marginally.

Interestingly, in spite of exhibiting a similar level of
performance (x by composites P and C, their fade proper-
ties were dissimilar. The composite C showed 2.35% fade
as compared to that of the composite P (13.22%). These
anomalous fade characteristics of the two composites can
be attributed to their intrinsic differences in the thermal con-
ductivity and thermal resistance. CF has higher thermal con-
ductivity and thermo-oxidative stability among all organic
fibres. The thermal degradation temperature of the carbon
fibre is well above 1000 °C. This helps the mechanical in-
tegrity of the composite to be retained through the formation
of solid surface oxides due to the endothermic conversions
of surface oxygen complexes (SOC). During braking as the
surface temperature increases beyond 100-150 °C, surface
oxygen complex (SOC) forms on the carbon fibres as the
physically adsorbed water molecules evaporate off [24].
During subsequent rise in temperature, the remainder SOC
gives rise to solid surface oxides as described in Fig. 9a
[25]. These reactions being endothermic restrict the tem-
perature rise of the disc to 302 °C, which was the minimum
among the five composites studied and hence the lowest
fade.

In the composite P containing PAN fibre, which is a car-
bon fibre precursor undergoes several thermal mutations.
These include, endothermic cyano-oligomerisation at a
temperature above 180 °C, dehydrogenation of the cyclised
structure at above 400-600 °C and finally high temperature
intermolecular cross-linking through the carbonyl func-
tional groups at the carbon back bone during carbonisation
as shown in Fig. 9b [26]. The maximum temperature rise
of the disc in this case was higher by 30 °C as compared to
that of the composite C because of the final cross-linking
reactions which are exothermic in nature. This resulted in
imparting a greater fading tendency in composite P than
composite C.

The composite S showed the maximum extent of fade
(18.26%). It also showed the highest performance (x ir-
respective of the number of braking cycles and tempera-
ture. With the increase in temperature such fibres being
prone to thermal degradation (even at temperatures just
above 140-200 °C) through the pyrolysis of the glyco-
sidic C-O bonds, form volatile CO2 [27]. Such generation
of gaseous products at elevated temperatures at the slid-
ing interfaces contributes to fade as reported by Herring
[7]. The released gases may be trapped at the sliding in-
terfaces and exert an opposing force to the applied load.
This reduces the frictional force causing fade. The C-O
bond breaking reactions are energetically exothermic in
nature. This causes the generation of higher temperatures
at the interfaces and on the disc, as well. Further, at such

elevated temperatures above 350 °C the SF degrades to
form a carbonaceous (C4) residue as shown in Fig. 9c ac-
companied with enormous shrinkage. As a result of such
shrinkage porous carbon residue is left on the friction
surface. Evidence of this was seen in the SEM micro-
graph of the worn surface and discussed in the subsequent
section.

3.5. Recovery behaviour of the composites

The (x-recovery magnitudes were observed in the range
of 106-111% as evident from Fig. 8 and the order was S >
P > C > A = N. Thus the S composite with the maximum
fade has also exhibited the maximum recovery. However,
this was not true for the other composites. The composites A
and N have shown the minimum recovery tendency, among
all the five composites studied. In the recovery cycle the
temperature rise of the friction surfaces of the pad and the
disc were restricted by using the air blower. Consequently
the composite pad surface friction film deformability is re-
duced. This extent of reduction in the elasticity of the film
on both the friction surfaces is dependent on the composi-
tion of the friction film also. The elastically and plastically
deforming nature of the friction films at the braking inter-
faces has been reported to be dependent on composition by
Trefilov [28] in the case of carbon-carbon materials. Thus
the in situ changes in the formation and deformation of fric-
tion films during recovery cycle are responsible for the dif-
ferences in the recovery (x.

3.6. SEM analysis on worn surfaces of the composites

In all the cases the disc surfaces had become darker and
glazy. The extent of surface glazing was however, more in
the composites C and P than in the other three composites.
The sliding track of the pads on the rotor discs suffered from
a colour change from greyish to bluish. The worn surfaces
of the composites were analysed using SEM. The micro-
graphs in Fig. 1 1a-e show the worn surfaces of the com-
posites corresponding to N, A, P, C and S, respectively. The
most prominent features of the micrographs were about the
primary and secondary plateaus of contact and are marked
as (1) and (2), respectively.

It was observed from the micrograph of composite N
(Fig. 1 1a) that the glass fibres and other hard inclusions are
embedded on the surface of the composite. Such embedded
domains represent the primary plateaus of contact while
the comparatively smooth region of the surface represent
the secondary plateaus of contact. The distinct interfacial
boundaries between the primary and secondary contact
plateaus suggest the wear processes of such composites
takes place through the progressive detachment through
the failure of the interfaces of the various phase domains
[29]. The joining up of the various interfacial boundaries to
cause propagation of surface cracks giving rise to loosely
detached wear debris can also be seen on the micrograph.
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Worn surface of composite A is shown in Fig. 1 1b. No
intact Aramid fibre could be seen on the surface. In this
case AF being the softest constituent gets easily compacted
due to compressive and shearing stresses wear thinned, soft-
ened and melted resulting in a loss of identity as a fibre.
This led to the aggravation of the film transfer processes
leading to the formation of secondary plateaus so much that
primary plateaus are almost fully covered with secondary
ones. These secondary friction contact plateaus of larger di-
mensions dispersed over the surface along with the pres-
ence of fine powdery debris and broken fibres of glass can
be seen in Fig. 1 1b. These secondary contact plateaus are
loosely adhering to the surface underneath and contribute
to the inefficient energy absorption by the bulk of the com-
posite [29]. Hence, a larger part of the compressive and
shear stress input was converted to frictional output result-
ing into a comparatively higher (x value of 0.329 («a0.33).
The friction contact plateau structures are capable of under-
going reversible deformation and reformation because of the
temperature dependent interfacial rheology [8]. This enables
the retention of the plateau structures and hence, lowers the
wear.

In the micrograph corresponding to the composite P
(Fig. 11c), the surface showed mostly secondary plateaus
but with different form. They are of very small size, wear
thinned and uniformly overlapping on each other in some
portion (topmost central portion dark domains). The pri-
mary plateaus are uniformly covered with very small sized
secondary plateaus and fine powdery wear debris and hence,
are almost invisible. Because of their small size and ca-
pability of tightly adhering to the bulk of the composite,
they are responsible for a greater stress bearing capacity,
which evidently leads to a lower amount of the input stress
to be registered as frictional output. Thus the composite P
showed comparatively lower (x (0.295).

Worn surface morphology of the composite C: with a
similar (x response (fx 0.297) is shown in the micrograph
(Fig. 11d). Surface is covered so much with the secondary
plateaus of the largest dimensions that no other fibres or in-
gredients could be seen. These secondary plateaus are es-
sentially a part of carbon fibres, which is known as a solid
lubricant. Low (x response of the composite was attributed
to the lubricating action of such transferred friction films.

Composite S, the micrograph (Fig. 11e) showed a distinct
wear surface topography. The micrograph shows the bro-
ken fibres due to shearing, fibrous debris, hard particles in
the form of darker domains on the micrograph and widely
scattered wear debris on the surface apart from indicating
the lowest amount of secondary plateaus. The presence of
cavities rendered by the preferential degradation of cellu-
lose fibres to CO2 was responsible for the deterioration of
the filler-matrix adhesion and this in turn was responsible
for the highest wear and coefficient of friction as already
discussed. Such broken fibres, harder debris and other wear
debris contribute to increase the (x through rolling abrasion
mechanism.

4. Conclusions

The influence of the incorporation of organic fibres was
concluded to be specific with the nature of organic fibres.
The Aramid, carbon and PAN fibres helped in improving
the wear resistance of the parent composite significantly.
Aramid performed to be the best in this respect, while the in-
corporation of cellulose fibre proved detrimental. The PAN
and carbon fibres inclusion proved responsible for lower-
ing the performance (x of composite. The performance (x of
Aramid fibre based composite, on the other hand remained
a little higher than the parent composite. The cellulose fibre
proved to boost the (x significantly. Carbon fibre inclusion
rendered the composite most fade resistant and did not fa-
cilitate the temperature rise of the disc to a higher level. The
cellulose fibre exhibited the maximum fading tendency and
the composite suffered from severe surface fatigue cracks,
which were attributed to the low degradation temperature of
cellulose fibres. Interestingly fibres of PAN and Aramid did
not influence fading property of the parent composition ap-
preciably. All the five composites exhibited more than 100%
recovery. Thus inclusion of CF proved most beneficial for
the friction material performance from wear, friction-fade
resistance and disc temperatures elevation point of view. The
performance (x, however, was comparatively low. Cellulose
fibres though offered very high (x, proved detrimental from
fade and wear point of view. The SEM analysis of the worn
surface proved to be beneficial in understanding wear mech-
anisms of the various composites.
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