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ABSTRACT

Phenolic friction composite (PFC) of the non-woven type clutch facing was
made from whole asbestos yam and zinc wire cored asbestos yarn, by
dipping in rn-phenol based formaldehyde resin . The moulding was performed
at a temperature of 140 'C and was post-cured for 2 h . The coefficient of
friction of the PFC showed a decrease in the 3rd to 4th cycle when testing
was performed at an interface temperature of 250 °C . Gravimetric analysis
showed some loss in weight when the unpost-cured PFC was exposed to
300 °C. This was attributed to the presence of moisture and the volatile

materials formed from the decomposed ingredients. Similar phenomenon was
expected to occur when the coefficient of friction testing performed at higher
temperatures . It was shown that the moisture increases the coefficient of
friction, whereas, the volatiles decrease it and even prevents the effect of
moisture . Extending the post-curing time to 4 h helps in elimination of this
slippage behaviour and marginally improves many desirable properties.

Key Words : polymer friction composite (PFC), non-woven phenolic composite, coefficient of friction,
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INTRODUCTION

Polymer friction composites (PFC) are specifically

designed for gripping applications [1, 2] . They found
wide use in power transmission and braking, parti-

cularly in automobiles and in any other moving or
rotating system [3-5] . Transmission of power occurs
through frictional contact between driving and driven
mechanism . The inherent roughness is important as

( .) To wham correspondence should be addressed .

the friction force sets in through contact.
The roughness is uniquely defined by the

terminology coefficient offriction (µ)— which may be

defined as the fraction of energy being transmitted to

the driven mechanism from the driving system.

It is well known that p. strongly depends on the
composition of the composite, nature of the matting
surface, temperature of the interface and any sort of

transition encountered in the material due to the rise
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in interface temperature [6-10] . Such a rise in temp-
erature for prolong period may bring about solid state
polymerization of the phenolic resin and decomposi-
tion of ingredients present in composite [11,12] . In
this paper the effect of solid state polymerization and
decomposition of ingredients on the frictional pro-
perties of PFC is presented.

EXPERIMENTAL

Materials
Commercial grade materials used were:

(i) Resin : a proprietary m-cresol based phenol-
formaldehyde resin with 50% solid content, 16 s cup B
viscosity, 1 .16 specific gravity, 60 s gel time and

1 .465 refractive index.
(ii) Friction dust: the ground oxidized cashew

nut shell oil with particle size cut of passing through
60 mesh and retained by 100 mesh with 3% volatile
content at 160 °C when exposed for 1 h, 5% acetone
extract, 3% ash content (at 825 'C for 2 h).

(iii) Carbon black : the thermal grade carbon
black with 2.5% moisture content, 5% weight loss at
360 °C, particle size distribution as 10% retained on
60 mesh, 80% pass through 100 mesh and 25% pass
through 200 mesh, with a fixed carbon content as 98%.

(iv) Alumina with 4% moisture content, 0 .35%
loss on ignition, particle size distribution as 5%
retained on 100 mesh and the whole retained by 200
mesh sieve .

(v) Graphite with 2% moisture content, 10%
volatile content, 30% ash content and 85% fixed
carbon content with the particle size distribution as
15% retained on 200 mesh.

(vi) Two grades of asbestos yams : (a) 2000 tex
whole asbestos yarn with a twisting of 5 turns per
inch and breaking load of 1 kg under tensile condition
for a single yam and (b) 2200 tex asbestos yarn con-
taining 32 gauge zinc wire in the core with twisting of
5 turns per inch and a breaking load of 2 kg under
tensile condition for a single yam.

Sample Preparation
The ingredients (Table 1) were mixed in the

Table 1 . Dipping bath composition for the manufacturing of
PFC.

Ingredients Composition (parts by weight)
Resin
Alumina
Friction dust
Graphite.
Carbon black
Water

100
3

20

3

1 .5

10 .25

appropriate ratio in a stirred tank to achieve uniform
composition . Subsequently the slurry was discharged
into a dipping tank and a tow containing eight whole
asbestos yarns (WAY) and four zinc wire cored
asbestos yams (CAY) was passed through it at a
speed so adjusted to pick up slurry at the rate of
130%. After dipping, the dipped tow was collected in
bobbins. It was allowed a maturation time of 24 h and
then dried at 50 °C for another 24 h . Preforms were
made by pressing with a pneumatic roller in a circular
channel . The preforms had the dimension of ID of
147, OD of 168 and thickness of 5 mm . The preforms
were moulded to dimensions of 145 ID, 170 OD and
thickness of 3 .5 mm in the form of clutch.

The moulding was performed at a temperature
of 140 'C for 2 min with 450 kg/cm 2 pressure . The top
and bottom surfaces were grounded before post-
curing . Post-curing was carried out at 200 °C for
different time period (2, 4, 6 and 8 h) in an air circul-
ated oven. The pieces were then allowed to cool down
to the room temperature and allowed a maturation
time of 24 h before testing.

Testing
Acetone Extraction
Approximately 2 g of powder sample was placed in
the thimble of a Soxhlet extraction apparatus.

Extraction was carried out with acetone at a
reflux rate of 15 cycles/h . At the end of extraction
(for about 6 h), acetone was evaporated and the
amount of the dissolved material was estimated and
expressed in terms of the percentage of initial weight.

Water Swell Test
A piece of sample measuring 50x25 and 3 .5 (mm)
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was cut and fully immersed in water at room tempera-
ture for 30 min . The difference in average thickness
before and after the experiment, for equally spaced 5
points, was calculated . The difference was expressed
in terms of the percentage of original thickness.

Loss of Weight on Ignition
Powdered sample weighing approximately 1 g was
taken in a previously ignited silicon crucible . It was
then placed in a muffle furnace maintained at 850 'C
and kept for 2 h . The crucible was then removed from
the furnace and allowed to cool in a desiccator and
weighed to a constant weight value . Loss in weight in
terms of percentage was reported as the loss on
ignition.

Shear Strength
The samples with 30x6 .5x3 .5 (mm) dimensions were
conditioned for 24 h at a relative humidity of 65±5 %
and temperature of 27±2 °C . The load required to
shear the sample at a cross-head speed of 50 mmlmin
was noted . The shear strength was calculated by
applying the relationship:

Shear strength — W/2 BDK

	

(1)

Where W was the load at shear, B the width, D the
thickness of the specimen . The constant K (= 1 .048)
was introduced (Indian Standard 3649—1996) to
accommodate the curvature in the sample.

Coefficient of Friction
The coefficient of friction was measured in a scale rig
tester (ARE, Nine, India) at a constant torque . Two
samples in the form of subtended arcs (i .e., two arc
like samples put against each other with a mean
radius of 32 .5 mm) of 105 ° each with mean radius of
32 .5 mm (11)=30 mm and 00=80 mm) pasted in a
holder and was pressed against a cast iron friction
disc rotating at 1550 rpm (shown in Figure I) . The
pressure required to lift a specified load hang on a
torque arm to the horizontal position was noted to
calculate the coefficient of friction by the following
relationship:

WLIPArm	(2)

Where W is the specified load, L the torque arm
length, P the pressure applied in the diaphragm of
area A to lift the load and r,n the mean diameter of the
sample.

Figure 1 . Diagrammatic representation of functionality of friction testing machine_

translatary movement

♦ P(Pressure required to lift the load W to horizontal position)
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The sample was bedded to have a matting
surface contact area of 95 percent. Friction values
were measured at every 10th cycles per engagement
period of 3 s and disengagement period of 27 s at
150 °C, and 4 and 46 s at 250 'C, and 5 and 40 s at
350 °C, respectively for total of 100 cycles at each
temperature.

Rockwell Hardness Test
Hardness measurements were performed in P scale as
per IS 3649–1996 after removing small amount of
material from the upper surface using Rockwell
Hardness Tester, Precision Testing Machine, New
Delhi.

Moisture Absorption Test
Five samples of 10x 10x3 .5 (mm) were exposed to the
climate of saturated sodium nitrate solution in a
desiccator for 24 h . The difference in final weight and
initial weight in percentage is expressed as the
percent moisture absorption.

Gravimetric Analysis
About 5 .5 g of the powdered sample without post-
curing was kept in an oven set at 300 °C . The samples
were withdrawn at a regular intervals and placed in a
desiccator for cooling and the weights were recorded.
The difference in weight before and after exposure to
300 °C in terms of percentage was reported as loss
weight.

RESULTS AND DISCUSSION

Table 2, shows the coefficient of friction at every
10th cycle at 150, 250 and 350 °C for total of 100
cycles in each category . It is clear that the frictional
values at 150 and 350 °C are either constant or
increased slightly as the number of cycles increased.
Moreover, the values of the coefficient of friction at
250 °C progressively decreased and attained a mini-
mum around 3rd and/or 4th cycle and then increased
systematically . This decrease in coefficient of friction
imparts slip between driving and driven system and
thus it is of great concern . Due to this behaviour the

Table 2 . Coefficient of friction of PFC at every cyde(post-
cured for 2 hat 200 'C)

Cycle Id . Coefficient of friction
(post-cured for 2 h at'interface temperature)

150 °C 250 °C 350 °C
I 0 .314 0 .325 0 .391
II 0 .314 0 .325 0151
fll 0 .314 0.325 0 .451
IV 0 .314 0293 0.451
V 0 .314 0250 0.488
VI 0 .314 0.345 0.488
Vfl 0 .314 0.345 0.488
VIII 0 .314 0.345 0.488
IX 0 .314 0.345 0.488
X 0 .314 0.345 0.488

system fails to work effectively and efficiently.
Table 3 presents the values of coefficient of

friction after extended post-curing of 4 and 6 h. It is
interesting to note that the slip in the set of cycle at
250 °C is not observed in the both the cases.

Figure 2 shows the loss on weight of PFC
without post-curing when exposed to heat at 300 °C.
The curve shows few plateau . Some interesting points
from Figure 2 could be : (i) the loss in weight is
almost started immediately which reached a stable
value of 1 .75%, (ii) the second loss started at a slower
rate with the same origin to that of the first (shown in
Figure 2 with the extended slope) at around 6 min
with a value of 5 .5%, (iii) subsequently the third loss
started with much slower rate at around 7 % loss in

Figure 2 . Plot of weight loss against time at 300 °C.
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Table 3 . Coefficient of friction at different interface temperatures after extended post-curing of 4 (ps) h at
200 °C.

p4 at the interface temperature CC) pe at the interface temperature (°C)

Cycle Id . Post-cured for 4 h at 200 °C Post-cured for 6 h at 200 °C

150 °C 250 °C 350 °C 150 °C 250 °C 350 °C

I 0 .325 0.345 0.451 0 .325 0 .345 0 .451
II 0 .325 0.345 0.451 0 .325 0 .345 0 .451
III 0.325 0.345 0.451 0 .325 0 .345 0 .488
IV 0.325 0.345 0.488 0 .325 0 .391 0.488
V 0 .325 0.345 0.488 0 .345 0 .391 0.488

VI 0 .325 0.345 0.488 0 .345 0 .391 0.488
VII 0 .325 0 .345 0.488 0 .345 0 .391 0.488

VIII 0 .325 0 .391 0 .488 0.345 0.391 0.488
IX 0 .325 0 .391 0 .488 0 .345 0.391 0.488

X 0 .325 0 .391 0 .488 0 .345 0.391 0.488

weight with a different origin.
The moisture presence in hygroscopic PFC

perhaps is responsible for the initial weight loss . This
is the free moisture and thus escapes easily and
therefore the rate of loss is moderately fast . The
second loss seems also arises from moisture, as the
slopes have same origin . However, it could be of
different type as the rate of loss is quite slow . Either
the rate of generation of moisture was slow or the rate
of diffusion of moisture to escape from the PFC was
slower. Perhaps the moisture is generated due to the
solid-state polymerization which is a slow process.
This was reflected in the slow rate of weight loss.

Figure 3 presents the effect of post-curing time
on various physical and chemical parameters of the
PFC. The loss-on-ignition, moisture content and
water swell show a decrease while the density,
acetone extract, hardness and shear strength register-
ed an increase upon the post-curing time of
4 h .

Thereafter, all the parameters almost remain
constant . The increase in density and shear strength
indirectly indicates the solid-state polymerization. As
a consequence of solid state polymerization the con-
centration of hydrophilic groups (i .e., -OH, - CH2 OH)
decreases adding up more network structure . Due to
this reason the moisture absorption value reduces
together with the decrease in loss-on-ignition [11,

12] . This is also reflected in the decreased water swell
value . The increase in acetone extraction indicates the
increase in extractable materials . This extractable
materials result as by-products of solid-state polymer-
ization or due to the degradation of ingredients
presents in PFC.

Table 4 presents the effect of moisture on the
coefficient of friction . It is apparent from the table
that the .t value is not stable . During testing the
sample progressively dries up and the coefficient of
friction changes . The higher the value in the begin-
ning and lower at the end signify that the moisture

Table 4. Effect of moisture on coefficient of friction (p,,,,e) of
samples post-cured at 200 °C for 2 h.

Cycle Id . p.,,

	

at an interface temperature of 150 °C

I 0 .325

II 0 .325

Ili 0 .325

IV 0 .314

V 0.314

VI 0 .314

Vii 0 .314

VIII 0 .314

tX 0 .314

X 0 .314
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a
Post sip time (h)

(U): Loan On ignition ; (D): Density; (dC): Moisture content (WS): Water awes;
(AE) Acetone exhort (RH) Rockwell hardness ; (SS) : Shear strength.

Figure 3 . Effect of post-curing time on various physical and

chemical parameters of phenolic friction composite.

increases the coefficient of friction . Consequently, it

could be said that the release of moisture due to solid
state polymerization during friction testing at the

interface temperature of 250 °C in the second cycle

(Table 2), is not responsible for the slippage

behaviour of PFC.
The degradation products emitted from PFC

either as a by-product of solid-state polymerization or
as a degradation of ingredients impart this slippage.

They act as lubricant and cause slippage between the

two matting surfaces and reduce the coefficient of
friction .

CONCLUSION

The slip observed in the friction testing during second
cycle at the interface temperature of 250 °C is
primarily due to evolution of volatile compounds as a
result of solid-state polymerization of phenolics and/

or degradation of the ingredients. Post-curing of PFC
for more than 4 h effectively complete this process

and yields a moderately thermally stable material.

Additional benefits of phenolic friction material arise
out of extended post-curing, have less tendency

towards moisture absorption, less water swelling and

high shear strength.
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