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Abstract Brake friction materials comprising of varying proportions of lapinus and wollastonite

fibres are designed, fabricated and characterized for their chemical, physical, mechanical and tribo-

logical properties. Tribological performance evaluation in terms of performance coefficient of fric-

tion, friction–fade, friction–recovery, disc temperature rise (DTR) and wear is carried out on a

Krauss machine following regulations laid down by Economic Commission of Europe (ECE

R-90). The increase in wollastonite fibre led to an increase in density and hardness whereas void

content, heat swelling, water absorption and compressibility increased with the increased in lapinus

fibre. The performance coefficient of friction, friction–fade behaviour and friction–stability have

been observed to be highly dependent on the fibre combination ratio i.e. coefficient of friction, fade

and friction–stability follow a consistent decrease with a decrease in the lapinus fibre content,

whereas the frictional fluctuations in terms of lmax � lmin have been observed to increase with a

decrease in lapinus fibre content. However, with an increase in wollastonite fibre content in

formulation mix, a higher wear resistance and recovery response is registered. The worn surface

morphology has revealed topographical variations and their underlying role in controlling the

friction and wear performance of such brake friction composites.
ª 2015 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is

an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Brake friction materials have a crucial role to play in fulfilling

the performance requirements such as: high and stable
coefficient of friction, low wear along with a low fade and high
recovery at wide ranges of operating conditions such as: speed

of vehicle, braking temperature, braking force and braking
duration for efficient braking of an automotive system.
urnal of
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Usually, a typical friction material formulation contains many
ingredients (sometimes more than 10). The ingredients used
can be mainly classified into four prime classes as fibres, space

filler, friction modifiers (abrasives, lubricant) and binder
(Bijwe, 1997). The role of each class viz. fibres (Satapathy
and Bijwe, 2005; Kumar and Bijwe, 2013; Ikpambese et al.,

2014), space filler (Handa and Kato, 1996), friction modifier
(Cho et al., 2006; Lee et al., 2009) and binder (Bijwe et al.,
2005; Shin et al., 2010) in the friction material has been exten-

sively studied for improving the tribological performance and
new ingredients are still being developed to attain higher tribo-
performance (Dadkar et al., 2009; Singh et al., 2011, 2013a;
Yawas et al., 2013; Tiwari et al., 2014; Idris et al., 2015).

Among the many ingredients currently available for friction
materials, the fibrous reinforcement: such as organic fibre
(Satapathy and Bijwe, 2004), inorganic fibre (Satapathy and

Bijwe, 2005; Dadkar et al., 2010), ceramic fibre (Han et al.,
2008), metallic fibre (Kumar and Bijwe, 2013) and their combina-
tions (Patnaik et al., 2010; Singh and Patnaik, 2015a) have been

found to play a crucial role as they reinforce the composites dur-
ing fabrication and also help in the formation of topographical
features which enhance the tribo-performance. The role of

Kevlar fibre has been well reported to aid wear minimization
and friction stabilization (Gopal et al., 1996; Kim et al., 2001;
Kumar et al., 2011). Lapinus fibres inherently comprising
metallic-silicates, when combined synergistically with other fibres

that improved the tribo-performance and suppress the unwanted
phenomenon like noise, vibration, judder overwide range of driv-
ing conditions (Satapathy and Bijwe, 2005; Dadkar et al., 2010;

Singh et al., 2015b). Wollastonite fibres having high thermal
resilience and inherent hardness have been found to stabilize
the coefficient of friction (l) andmaximize recovery performance

(Santoso and Anderson, 1985; Kogel et al., 2006).
In the present situation, the development of friction mate-

rial formulations with stable coefficient of friction, higher

recovery performance, higher fade resistance and fibre inclu-
sion is of vital significance. Therefore, the role of lapinus
and wollastonite fibres has been reported to improve the recov-
ery, fade, improving wear resistance and stabilizing friction

fluctuations over a wide range of braking conditions. Hence,
their combination may potentially enhance the tribo-
performance for a friction formulation. However, there has

been no systematic effort to assess the fade and recovery beha-
viour as a part of evaluating comprehensive performance of
friction formulations containing lapinus and wollastonite

fibres in combination. This paper deals with utilization of
lapinus and wollastonite fibres in varying proportions to
study possible synergistic effect of their combination on the
tribological performance parameters such as friction perfor-

mance, friction fade, recovery and wear characteristics.
Table 1 Details of composite composition and designation.

Composition (wt.%) Composite designation

LW-0 LW-1 LW-2 LW-3

Phenol formaldehyde 10 10 10 10

BaSO4 50 50 50 50

Graphite 5 5 5 5

Kevlar fibre 5 5 5 5

Lapinus fibre 30 20 10 0

Wollastonite Fibre 0 10 20 30
2. Experimental procedure

2.1. Materials and fabrication details

Friction material formulation containing by varying the pro-
portion of lapinus (RB-220, Lapinus intelligent fibres,
Holland), to Wollastonite fibres (Wolkem India Ltd.) are

sheared mixed with fixed amount of phenol–formaldehyde
resin of Novolac type (JA-10), barium sulphate, graphite
(Graphite India Ltd.) and Kevlar fibre (IF-258, Twaron,
Please cite this article in press as: Singh, T. et al., Assessment of braking performance
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Teijin-Germany), that amounting to 100% by weight as
depicted in Table 1. The ingredients are mixed sequentially
in a plough type shear mixer, where mixing of powdery ingre-

dients is followed by fibrous ingredients to ensure the proper
distribution of ingredients before moulding. The mixture is
preformed to the shape of brake pads and then heat cured in

a compression-moulding machine under a pressure of
15 MPa for 10 min at temperature of 155 �C, with four inter-
mittent breathings to expel volatiles evolved during curing.

The specimens are post-cured in an oven at 165 �C for 4 h to
relieve residual stresses developed during moulding cycles.

2.2. Physical, chemical and mechanical characterization

The composites are characterized for their physical, chemical
and mechanical properties respectively. The density is mea-
sured following the standard water displacement method and

void content is calculated theoretically by normalization of
the actual density with respect to the ideal density. However,
the heat swelling is measured according to SAE J160 JNU

80 standard whereas, water absorption is carried out according
to ASTM D570-98. Acetone extraction of the cured powdered
sample is carried out to estimate the amount of uncured resin

present in the friction composite. The mechanical properties
such as hardness (a measure of resistance to indentation under
loads), cross-breaking/shear strength (a measure of composite
adhesion to the back plate) and compressibility characteristics

are determined as per standards conforming to industrial
practice.

2.3. Tribological performance evaluation methodology

The fade and recovery assessment tests are conducted on a
Krauss machine in conformance to regulations laid by

Economic commission of Europe (ECE R-90), details of which
are mentioned elsewhere (Singh et al., 2013b). The Krauss
machine is fully computer-controlled having data acquisition

capabilities. Concisely, a pair of friction composites is pressed
against the brake disc for undergoing bedding (to ensure con-
formal contact), cold, fade and recovery cycles.

3. Results and discussion

3.1. Physical, chemical and mechanical properties of the friction
composites

The results of physical, chemical and mechanical properties of

the friction composites are compiled in Table 2. It can be seen
of lapinus–wollastonite fibre reinforced friction composite materials. Journal of
es.2015.06.002
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Table 2 Physical, chemical and mechanical properties of the

friction composites.

Properties LW-0 LW-1 LW-2 LW-3

Density (g/cm3) 2.05 2.08 2.14 2.21

Void content (%) 0.272 0.269 0.256 0.240

Acetone extraction 0.82 0.41 0.48 0.56

Hardness (HRL) ASTM D785 89 92 95 97

Heat swelling 0.32 0.24 0.23 0.18

Compressibility (%) 1.21 1.04 0.98 0.91

Water absorption 0.13 0.09 0.08 0.08

Shear strength (kgf) 1440 1980 1620 1250
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from Table 2 that, with an increase in lapinus content followed
by complementary decrease in wollastonite content, there is a
decrease in density with the increase in void content. This

decrease in density may be attributed to the replacement of
content of highly dense wollastonite content relatively by
less-density lapinus content. Further, the dispersion ability is

hampered to a large extent with higher lapinus content leading
to an increase in void content. Acetone extraction indicates the
amount of uncured resin in the composites, which was

negligible in all the composites indicating its apparent non-
dependence on the composition. The hardness rises steeply as
the wollastonite content increases may be attributed to the fact

that wollastonite content results in good mixing and curing of
the composites that cause mechanical compaction of the ingre-
dients. Heat swelling, compressibility and water absorption of
the investigated friction composites decrease with the increase

in wollastonite content. Further, shear strength remains higher
for LW-1/LW-2 indicating the role of fibre combination influ-
encing the shear strength showing effective synergism.

3.2. Tribological performance evaluation of the friction

composites

The friction response of the investigated composites in terms
of variation in coefficient of friction along with corresponding
temperature rise of the disc as a function of number of
brakings is shown in Fig. 1. The variations of lP, lF, lR and

frictional fluctuations (lmax � lmin) as a function of composi-
tion are shown in Fig. 2. The stability and variability aspect
of frictional response (stability coefficient and variability

coefficient) in relation to composition are shown in Fig. 3. The
extent of fade–recovery (%) and the maximum temperature rise
of the disc are shown in Fig. 4. The wear as volume losses is

shown in Fig. 5 while the surface morphologies of the worn
composites as investigated through SEM are shown in Fig. 6.

3.2.1. Friction-evolution as a function of braking cycles

The friction response of the investigated friction composites in
terms of variation in coefficient of friction along with corre-
sponding temperature rise of the disc as a function of number

of brakings is shown in Fig. 1. From Fig. 1 it is clearly revealed
that all the composites demonstrate three distinct stages of
friction evolution (friction build-up, friction-peaking and

friction-decay stages) irrespective of the composition and the
test runs, i.e. cold cycle, fade cycles, and recovery cycle.
Fig. 1 shows that all the investigated frictional composites
LW-0, LW-1, LW-2 and LW-3 show unsteady friction
Please cite this article in press as: Singh, T. et al., Assessment of braking performance
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response in the cold cycle. As seen from Fig. 1a for LW-0,
in first fade cycle, l rose (�0.5) continuously till third braking
and started decreasing sharply till 10th braking. The earlier

friction build-up, stable friction-peaking and delayed decay
may be attributed to the mild abrasive nature of lapinus fibre
that appears to be effective in arresting fading and maintaining

higher friction response in LW-0 as found experimentally. As
seen from Fig. 1b for LW-1, in first two fade cycles, the beha-
viour is similar to that of LW-0. However, in further cycles

peaks in fade cycles are flatter than those in earlier case indi-
cating lower friction performance of LW-1. In friction com-
posite LW-2 (Fig. 1c) the l performance remained wildly
fluctuating and as a follow-up response abrupt friction peaking

accompanied with steep friction-decay within the first 4
braking instances was observed in the first two fade cycles.
However, from third fade run onwards the friction response

showed signs of stability followed by a nominal trend of
friction-decay as compared to earlier fade cycles.

In case of Fig. 1d for LW-3 the general friction response

has been fast friction peaking followed by even faster friction
decay within first three brakes of first four fade runs. This indi-
cates about the qualitative nature of the composition of the

friction film that is operating at the braking interface. The
physical characteristics of the accompanying friction layer
may be less kinetically controlled and is rather believed to be
determined more by the composition. However, in recovery

run of all the investigated friction composites (LW-0 to
LW-3), the frictional response remained almost identical
indicating that the friction stabilization is kinetically con-

trolled till the required phase transformations occurred at
the braking interface for the evolution of friction-efficiency.
The recovery performance of the investigated composites is

observed to be satisfactory in the present study.

3.2.2. Variation of l-performance (lP), l-fade (lF), l-recovery
(lR) and friction fluctuations (lmax � lmin)

The tribological performance parameters such as performance
coefficient of friction (lp), fade coefficient of friction (lF) and
recovery coefficient of friction (lR) as obtained by tribological

performance evaluation in Krauss machine following ECE R-
90 norms are depicted in Fig. 2. From Fig. 2 it is apparent that
an increase in wollastonite content as compared to lapinus in
the formulation results with the decrease of lp and lF along

with an increase in lR. This decrease in the lp and lF, can
be attributed to the fact that the incorporation of wollastonite
fibres results in the formation of areas of compacted wear deb-

ris around the fibres (i.e. load carrying friction films) which aid
in friction reduction followed by increased heat dissipation and
reduced wear (corroborated by Figs. 4 and 5). However, in

case of LW0/LW-1/LW-2, the higher magnitude of friction
coefficients may be attributed to the presence of hard lapinus
fibre that enhances the abrasive component and aids the ther-

mal resistance of the friction materials contributing to
enhanced thermal stabilization (Singh et al., 2014). The
increase in lR is due to disintegration of loosely compacted
wear debris during the recovery cycle leading to the formation

of third bodies between the pad and disc interface. These hard-
ened third bodies destroy the friction films formed during cold
and fade cycles leading to an increase in friction.

The friction-fluctuations (lmax � lmin) with composition
variables are shown in inset of Fig. 2. The fluctuations remain
of lapinus–wollastonite fibre reinforced friction composite materials. Journal of
es.2015.06.002
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Figure 1 Frictional response of the composites plotted synchronously with the braking induced temperature rise in the disc (a) LW-0 (b)

LW-1 (c) LW-2 (d) LW-3.
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high in formulation having 30 wt.% of wollastonite, whereas it

remains lower for formulation having lapinus content only i.e.
LW-0. Hence, comprehensively, the formulations having a
higher response to l-performance show lower fluctuations in

frictional response. Friction composites LW-1/LW-2 are likely
to have higher susceptibility to noise, vibration propensity,
judder etc. that should be as low as possible. The composition

having 30 wt.% of lapinus fibre i.e. LW-0 with least friction
fluctuations (0.227) proved effective in the absorption of vibra-
tions generated during the braking operation and minimizing

the unwanted phenomenon like judder, noise to a larger extent
as compared to other compositions.

3.2.3. Friction stability and variability

The stability and variability aspect of frictional response in
terms of stability coefficient and variability coefficient in rela-
tion to composition variables is shown in Fig. 3. The stability

coefficient is the ratio of l-performance to l-maximum
whereas, variability coefficient is calculated as the ratio of
l-minimum to l-maximum (Singh et al., 2013a,b).

It is also observed that LW-0 formulation shows higher stabil-

ity coefficient as well as variability coefficient, whereas LW-3
formulation shows lowest stability and variability coefficient.
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It is required that stability coefficient should be as high as pos-
sible and variability coefficient should be as low as possible for
the efficient frictional response while braking. Thus, formula-
tion of LW-0 having lapinus fibre alone proved effective from

stability point of view whereas, LW-3 formulation having only
wollastonite fibre shows least variability for efficient braking
performance.

3.2.4. Fade–recovery performance and temperature rise of the
disc

Fig. 4 shows the plot between percentage fade and percentage

recovery for the various compositions studied in this work. It
is clearly seen from Fig. 4 that, with an increase in the wollas-
tonite fibre content there is a simultaneous increase in both

fade and recovery percentage. This could be explained by the
fact that with an increase in the fibre content, on one hand
there occurs formation of load carrying friction films by wear

debris compaction at higher temperature causing the resin to
char and reduce friction, and on the other hand there is disin-
tegration of these films at lower temperature due to poor bind-

ing of matrix with surrounding filler/fibres, causing a rise in
friction. The inset of Fig. 4 shows maximum disc temperature
rise (DTR) as a function of compositions. The trend in disc
temperature rise is same as the one for lp, that shows an
of lapinus–wollastonite fibre reinforced friction composite materials. Journal of
es.2015.06.002
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increase in dissipation of heat (i.e. low DTR) at higher wollas-

tonite content. The composite having the highest lapinus con-
tent successfully arrests the highest rise in the disc temperature.
This may be attributed to the dominant role of abrasive com-

ponent of friction/wear due to the hard nature of lapinus fibre.
However, the same composition is more effective in imparting
the required frictional response by arresting fading even

though the interface temperature reaches to its maximum.
The disc temperature remained in the range of 663 ± 23 �C
for the composites LW0/LW-1/LW-2 whereas, remained min-
imum (576 �C) for LW-3 composition having wollastonite fibre
Please cite this article in press as: Singh, T. et al., Assessment of braking performance
King Saud University – Engineering Sciences (2015), http://dx.doi.org/10.1016/j.jksu
only. In the composites LW0/LW-1/LW-2 such an enormous

temperature build-up phenomenon i.e. by more than �70 �C
from LW-3 composition is still adequately complemented by
a very stable l-recovery response (124 ± 12%), as a conse-

quence of which their influence on the fade performance
remained much lesser (37 ± 12%) than the composite LW-3
showing the highest fade i.e. �70%. The lowest amount of

fade is due to the presence of high lapinus fibre content in
the composites (LW-0/LW-1/LW-2), which minimize the
temperature induced decay effects while the highest extent of
fade (LW-3) with the lowest disc temperature rise is attributed
of lapinus–wollastonite fibre reinforced friction composite materials. Journal of
es.2015.06.002
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to the presence of wollastonite contents responsible for
enhancing the shear thinning behaviour of the operating film
at the braking junction. Thus, comprehensively the fade–recov

ery–temperature rise of disc is viscously dependent on the com-
positional variables.

3.2.5. Wear performance of the friction composites

Wear performance of the friction composites is measured in
terms ofwear volume (in cm3), by taking into account theweight
loss (in grams) of the composite before and after tribological

characterization, followed by normalization with density.
From Fig. 5, it is clearly seen that an increase in the wollastonite
fibre content in formulation results in an increase in wear resis-

tance of the composites indicating synergism between lapinus
and wollastonite fibres. Also, higher wear resistance can be
attributed to the increase in total fibre content which helps in

the formation of topographical features such as primary and
secondary contact plateauswhich reduces the wear significantly.

3.2.6. Worn surface morphology

The wear surface morphology of the friction composites has
been investigated by scanning electron microscopy (SEM).
The micrographs of the worn surfaces of the composites in

Fig. 6, show the distinct characteristics of the friction-film/con
tact-patch-formation; associated wear mechanisms responsible
for wear behaviour that are in confirmation with the obtained
experimental results in relation with composition variables.

The wear is controlled by the formation of primary and sec-
ondary plateaus. The primary plateaus originating from the
bulk of the composite are due to rubbing of the fibres and hard

ingredients against the disc whereas, the secondary contact
plateaus arise due to compaction of the wear debris due to
braking load generated at the braking interface due to the

development of interfacial shear stress, that largely consists
of pulverized filler particles and organic part of the composi-
tion. The formation of secondary plateaus reduces the wear
of the composites. The nature, distribution and extent of these

plateaus depend upon the composite composition. The contact
patch as seen in the wear surface morphology of the compos-
ites based on lapinus fibre alone (LW-0) has shown more of

primary contact plateaus indicating harder constituents to be
encountering the braking induced shear stress at the interface
leading to a higher level of friction, �0.4. The same composites

reveal a rough surface morphology as indicated by the fibre
de-bonding and pulled-out fibres resulting in poor wear
performance (Fig. 5). However, in case of composites

LW-1/LW-2/LW-3 with a decrease in lapinus content and
increase in wollastonite content the wear surface morphology
mainly consists of secondary contact patches (that are loosely
adhered to the underneath subsurface) formed due to wear

debris compaction. These secondary contact patches cause
the generation of smoother friction film on the composite that
is operational at the braking interface. The secondary plateaus

in LW-1/LW-2/LW-3 have covered the original friction sur-
face to a great extent, decreasing the loss of the ingredients
during sliding and have resulted in lower wear as compared

to LW-0. Friction composites LW-1/LW-2/LW-3 contain
smooth surfaces covered by a strong friction film leading to
an increase in the effective true contact area of the mating sur-

faces which decrease the effect of applied load and make them
prone to thermal degradation, thereby causing higher fade and
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good recovery performance in LW-1/LW-2/LW-3 as compared
to LW-0 as seen in Fig. 4. Thus, the presence of fibrous ingre-
dients (lapinus and wollastonite) in friction formulation has a

systematic influence on the mechanism of contact patch forma
tion–reformation–destruction equilibrium and its associated
alterations in topographical attributes that are found to be cru-

cial in controlling the tribological response of the composites
in friction braking situations.

4. Conclusions

Physical, chemical, mechanical and tribological properties of
composite friction materials based on a combination of lapinus

and wollastonite fibres have been evaluated. The tribological
properties were evaluated on a Krauss friction testing machine
by using a standard test protocol conforming to ECE R-90

regulation whereas, physical, chemical and mechanical proper-
ties were evaluated as per industrial standard. The following
conclusions were drawn from the study:

� Increase in wollastonite content led to an increase in density
and hardness whereas, increase in lapinus content that led
to an increase in void content, heat swelling, water absorp-

tion and compressibility respectively.
� The performance coefficient of friction (lP) has been
observed to be highest in the composite with the highest

amount of lapinus fibre and decreasing consistently with
the decrease in the lapinus fibre.
� The frictional fluctuations (lmax � lmin) have been observed
to be lowest in the composite with the highest amount of

lapinus fibre and found to be increasing consistently with
the increased in wollastonite fibre.
� The fade performance remained highest in the composite

with the highest amount of lapinus fibre and consistently
decreasing with the decrease in the lapinus fibre.
� The recovery performance remained highest in the compos-

ite with the highest amount of wollastonite fibre and consis-
tently decreasing with the increase in the lapinus fibre.
� The composite with highest amount of lapinus fibre shows

the highest temperature rise of the disc, highest stability
coefficient whereas composite with the highest amount of
wollastonite fibre exhibits least variability coefficient.
� The wear performance was found to increase with the

increase in wollastonite fibre, whereas it consistently
decreased with the increase in the lapinus fibre.
� The study of worn surface micrographs by scanning elec-

tron microscopy (SEM) shows that differential contact pla-
teaus proved crucial in controlling the tribo-performance of
such friction composites.

� Overall, the increased lapinus fibre content was observed to
enhance the friction performance, friction fade performance,
friction fluctuations and friction stability performance;
whereas, increased wollastonite fibre was observed to enhance

the wear performance, recovery performance and friction
variability of the friction composite.
References

Bijwe, J., 1997. Composites as friction materials: recent developments

in non-asbestos fibre reinforced friction materials-a review. Polym.

Compos. 18 (3), 378–396.
of lapinus–wollastonite fibre reinforced friction composite materials. Journal of
es.2015.06.002

http://refhub.elsevier.com/S1018-3639(15)00015-X/h0005
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0005
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0005
http://dx.doi.org/10.1016/j.jksues.2015.06.002


8 T. Singh et al.
Bijwe, J., Majumdar, N.N., Satapathy, B.K., 2005. Influence of

modified phenolic resins on the fade and recovery behavior of

friction materials. Wear 259 (7–12), 1068–1078.

Cho, M.H., Ju, J., Kim, S.J., Jang, H., 2006. Tribological properties of

solid lubricants (graphite, Sb2S3, MoS2) for automotive brake

friction materials. Wear 260, 855–860.

Dadkar, N., Tomar, B.S., Satapathy, B.K., 2009. Evaluation of flyash-

filled and aramid fibre reinforced hybrid polymer matrix compos-

ites (PMC) for friction braking applications. Mater. Des. 30, 4369–

4376.

Dadkar, N., Tomar, B.S., Satapathy, B.K., Patnaik, A., 2010.

Performance assessment of hybrid composite friction materials

based on fly ash-rock fibre combination. Mater. Des. 31, 723–731.

Gopal, P., Dharani, L.R., Blum, F.D., 1996. Hybrid phenolic friction

composites containing Kevlar pulp part 1. Enhancement of friction

and wear performance. Wear 193, 199–206.

Han, Y., Tian, X., Yin, Y., 2008. Effects of ceramic fiber on the

friction performance of automotive brake lining materials. Tribol.

Trans. 51 (6), 779–783.

Handa, Y., Kato, T., 1996. Effect of Cu powder, BaSO4 and cashew

dust on the wear and friction characteristics of automotive brake

pads. Tribol. Trans. 39 (2), 346–353.

Idris, U.D., Aigbodion, V.S., Abubakar, I.J., Nwoye, C.I., 2015.

Ecofriendly asbestos free brake-pad: using banana peels. J. King

Saud Univ. Eng. Sci. 27 (2), 185–192.

Ikpambese, K.K., Gundu, D.T., Tuleun, L.T., 2014. Evaluation of

palm kernel fibers (PKFs) for production of asbestos-free automo-

tive brake pads. J. King Saud Univ. Eng. Sci. http://dx.doi.org/

10.1016/j.jksues.2014.02.001.

Kim, S.J., Cho, M.H., Lim, D.S., Jang, H., 2001. Synergistic effects of

Kevlar pulp and potassium titanate whiskers in the automotive

friction material. Wear 251, 1484–1491.

Kogel, J.E., Trivedi, N.C., Barker, J.M., Krukowski, S.T., 2006.

Industrial Minerals and Rocks-Commodities, Market and Uses.

Society for Mining, Metallurgy and Exploration, Inc. (SME), USA,

pp. 1027–1037.

Kumar, M., Bijwe, J., 2013. Optimized selection of metallic fillers for

best combination of performance properties of friction materials: a

comprehensive study. Wear 303, 569–583.

Kumar, M., Satapathy, B.K., Patnaik, A., Kolluri, D.K., Tomar, B.S.,

2011. Hybrid composite friction materials reinforced with combi-

nation of potassium titanate whiskers and aramid fibre: assessment

of fade and recovery performance. Tribol. Int. 44, 359–367.

Lee, E.J., Hwang, H.J., Lee, W.G., Cho, K.H., Jang, H., 2009.

Morphology and toughness of abrasive particles and their effects
Please cite this article in press as: Singh, T. et al., Assessment of braking performance
King Saud University – Engineering Sciences (2015), http://dx.doi.org/10.1016/j.jksu
on the friction and wear of friction materials: a case study with

zircon and quartz. Tribol. Lett. 37 (3), 637–644.

Patnaik, A., Kumar, M., Satapathy, B.K., Tomar, B.S., 2010.

Performance sensitivity of hybrid phenolic composites in friction

braking: effect of ceramic and Kevlar fibre combination. Wear 269

(11–12), 891–899.

Santoso, M., Anderson, J.N., 1985. Fluoroelastomer-based friction

material having improved frictional properties. US 4530881A.

Satapathy, B.K., Bijwe, J., 2004. Performance of friction materials

based on variation in nature of organic fibres part I: fade and

recovery behaviour. Wear 257, 573–584.

Satapathy, B.K., Bijwe, J., 2005. Fade and recovery behavior of non-

asbestos organic (NAO) composite friction materials based on

combinations of rock fibres and organic fibres. J. Reinf. Plast.

Compos. 24 (6), 563–577.

Shin, M.W., Cho, K.H., Lee, W.K., Jang, H., 2010. Tribological

characteristics of binder resins for brake friction materials at

elevated temperatures. Tribol. Lett. 38, 161–168.

Singh, T., Patnaik, A., Satapathy, B.K., 2011. Effect of carbon

nanotube on tribo-performance of brake friction materials. AIP

Conf. Proc. 1393, 223–224.

Singh, T., Patnaik, A., Satapathy, B.K., 2013a. Friction braking

performance of nanofilled hybrid fibre reinforced phenolic com-

posites: influence of nanoclay and carbon nanotubes. NANO 8 (3),

1–15.

Singh, T., Patnaik, A., Satapathy, B.K., Kumar, M., Tomar, B.S.,

2013b. Effect of nanoclay reinforcement on the friction braking

performance of hybrid phenolic friction composites. J. Mater. Eng.

Perform. 22 (3), 796–805.

Singh, T., Patnaik, A., Gangil, B., 2014. Thermal stability analysis of

nano particulate filled phenolic based friction composite materials.

J. Ind. Text. http://dx.doi.org/10.1177/1528083714559568.

Singh, T., Patnaik, A., 2015a. Performance assessment of lapinus-

aramid based brake pad hybrid phenolic composites in friction

braking. Arch. Civil Mech. Eng. 15, 151–161.

Singh, T., Patnaik, A., Gangil, B., Chauhan, R., 2015b. Optimization

of tribo-performance of brake friction materials: effect of nano

filler. Wear 324–325, 10–16.

Tiwari, A., Jaggi, H.S., Kachhap, R.K., Satapathy, B.K., Maiti, S.N.,

Tomar, B.S., 2014. Comparative performance assessment of

cenosphere and barium sulphate based friction composites. Wear

309, 259–268.

Yawas, D.S., Aku, S.Y., Amaren, S.G., 2013. Morphology and

properties of periwinkle shell asbestos-free brake pad. J. King Saud

Univ. Eng. Sci. http://dx.doi.org/10.1016/j.jksues.2013.11.002.
of lapinus–wollastonite fibre reinforced friction composite materials. Journal of
es.2015.06.002

http://refhub.elsevier.com/S1018-3639(15)00015-X/h0010
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0010
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0010
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0015
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0015
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0015
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0015
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0015
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0015
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0020
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0020
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0020
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0020
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0025
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0025
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0025
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0030
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0030
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0030
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0035
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0035
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0035
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0040
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0040
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0040
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0040
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0045
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0045
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0045
http://dx.doi.org/10.1016/j.jksues.2014.02.001
http://dx.doi.org/10.1016/j.jksues.2014.02.001
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0055
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0055
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0055
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0060
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0060
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0060
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0060
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0065
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0065
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0065
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0070
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0070
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0070
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0070
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0075
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0075
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0075
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0075
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0080
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0080
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0080
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0080
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0090
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0090
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0090
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0095
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0095
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0095
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0095
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0100
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0100
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0100
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0105
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0105
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0105
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0110
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0110
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0110
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0110
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0115
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0115
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0115
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0115
http://dx.doi.org/10.1177/1528083714559568
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0125
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0125
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0125
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0130
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0130
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0130
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0135
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0135
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0135
http://refhub.elsevier.com/S1018-3639(15)00015-X/h0135
http://dx.doi.org/10.1016/j.jksues.2013.11.002
http://dx.doi.org/10.1016/j.jksues.2015.06.002

	Assessment of braking performance of lapinus–wollastonite fibre reinforced friction composite materials
	1 Introduction
	2 Experimental procedure
	2.1 Materials and fabrication details
	2.2 Physical, chemical and mechanical characterization
	2.3 Tribological performance evaluation methodology

	3 Results and discussion
	3.1 Physical, chemical and mechanical properties of the friction composites
	3.2 Tribological performance evaluation of the friction composites
	3.2.1 Friction-evolution as a function of braking cycles
	3.2.2 Variation of µ-performance (µP), µ-fade (µF), µ-recovery (µR) and friction fluctuations (µmax−µmin)
	3.2.3 Friction stability and variability
	3.2.4 Fade–recovery performance and temperature rise of the disc
	3.2.5 Wear performance of the friction composites
	3.2.6 Worn surface morphology


	4 Conclusions
	References


