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A study on the effect of the type and content of filler in epoxy–glass
composite system on the friction and slide wear characteristics
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Abstract

The comparative performance of glass–epoxy (G–E) composites, having rubber in one instance and graphite of two differing levels in epoxy
matrix resin in the other, during sliding in pin-on-disc type set up under varying load and sliding velocities is reported in this investigation.
Besides conventional weighing, determination of coefficient of friction (µ) and examination of the worn surface features by scanning electron
microscope (SEM) were undertaken to have an overall picture of the tribological behaviour of the filled composites.
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For increased load and sliding velocity situations, higher wear loss was recorded. In case of rubber-bearing samples, the co
riction values show an increasing trend with a rise in load and a decrease in their values for increase in velocity. The coefficient
ncreases with increase in load for a fixed velocity in higher graphite bearing samples. However, G–E composite having either lowe
mount of graphite shows, respectively, either a decrease or increase in coefficient of friction with an increase in sliding velocity

oad. Thus, the higher graphite bearing G–E composite records lower coefficient of friction for any combination of load and veloc
re explained on the basis of frictional drag forces and formation of graphite film on the surface. Some of these deductions are su
y SEM observations.
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. Introduction

Polymers and their composites are emerging as viable al-
ernative products to metal-based ones in many common and
dvanced engineering applications[1]. The ease of fabrica-

ion, the availability of a good choice of materials from both
hermoplastic and thermoset varieties and economic viability
ave made the advent of these newer materials for industries
anging from automobile to sports goods[2]. The many uses
f these materials in space and aeronautical industry-related
pplications are well known[3].

However, to make these emerging materials even more
ttractive for use as components combating wear, it is imper-
tive to first characterize the already large list of polymeric
aterials available for their tribological behavior and more
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importantly explore the possibilities of developing simp
and newer material systems which have attractive fric
and wear resistant properties[4] besides load carrying c
pabilities. Towards this end, the development of filler-ba
polymer materials is engaging the attention of many rese
workers. Although the load sustaining abilities of thermo
are far more impressive compared to thermoplastics, for m
a situation a still higher strength bearing polymeric mate
are required. Fiber-reinforced polymers (FRP’s) hence a
attractive system to examine. To make these fibrous sys
tribologically even more viable, the possibilities of devel
ing filled FRP’s need to be thoroughly examined.

Organic[5] and inorganic[6] filler systems may be thoug
of. As such, rubber-bearing thermosets and graphite-be
epoxies[7] are candidate materials for venturing into FR
containing such fillers as a result of attractive impact
tribological properties, respectively. This effort is, hence
attempt to bridge this information gap existing between



inclusion of fillers and the tribological properties that ac-
crue, as graphites are known to be good solid lubricants.
Hence in the present work, two different levels of graphite-
bearing glass–epoxy (G–E) systems were compared, first be-
tween themselves and then with an elastomer containing one.
Besides the conventional methods followed in wear experi-
ments, like noting weight changes and coefficient of friction
measurements, the present work looks at the worn surface
features using advanced tools like scanning electron micro-
scope (SEM).

2. Experimental

2.1. Materials and processes

A hand lay up procedure was adopted for making rubber-
bearing and graphite-containing G–E composites. The rein-
forcement material used was a 7-mil E-glass plain-woven
fabric with epoxy compatible finish. LY 556 epoxy was used
as the resin for the matrix material with HY 951 grade room
temperature curing hardener and diluent DY 021 (both sup-
plied by Hindustan Ciba Geigy). The lay up procedure con-
sisted of placing a glass surface mat to give smooth surface
finish to the top and bottom layers of the cured compos-
ite, over which, the first of the bi-directional E-glass epoxy
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Table 1
Details of samples regarding the matrix, reinforcement material, additive
and wt.%

Sample Matrix Reinforcement
material

Additive wt.%

A Epoxy E-glass fabric HTBN rubber 3
B Epoxy E-glass fabric Graphite powder 2.5
C Epoxy E-glass fabric Graphite powder 4.5

2.2. Wear tests: set up and test parameters

The test set up used in this investigation is the widely
used pin-on-disc machine. A G–E composite sample is fixed
to a grooved pin sample using a suitable adhesive to form a
pin assembly (as indicated inFig. 1). This way the mounted
G–E sample is made to come in contact with a rotating hard-
ened (HRC 62 with surface finish 10�m) alloy steel disc
counter surface. The sample is dead weight loaded (normal
load) through a string to which pan assembly is attached[8].
A 20 kg load cell is fixed tangential to the lever arm through
which frictional load is measured. The output of the load cell
is connected to a strip chart recorder to measure the frictional
load. The coefficient of friction is calculated, by dividing the
steady state frictional load by the normal load applied to the
specimen. The mounting arrangement of the G–E sample is
made in such a way that the thickness side of the laminate
containing the lay up consisting of fibrous glass and epoxy
resin system is made to come in contact with the disc (as
indicated in the inset ofFig. 1). The initial weight of the pin
assembly is measured in each test using a sensitive electronic
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ompatible finish bearing fabric was placed. On this, a r
ardener mix prepared for this purpose was smeared.

his, another layer of the fabric was laid down and the r
as spread once again. The process was repeated

he 17 fabrics (arrived at by trial experiments) made re
or the lay up, were used up in the stacking arrangem
se of spacers of about 3 mm thickness helped in ob

ng laminates of the required thickness following final c
ng. This general procedure was used for making rubbe
raphite-bearing G–E laminates. However, for obtaining
ubber-filled laminates, a 3 wt.% hydroxyl-terminated p
butadiene-co-acrylonitrile), i.e. HTBN rubber was add
o make the graphite-bearing G–E laminate, a−300 mesh
9.99 purity, graphite powder mixed into a weighed quan
f the resin was smeared on to two chosen layers (i.e. aft
nd at 10th glass fabric layer) while making the lay up. In
et of samples; about 2.5 wt.% of graphite powder in resin
ntroduced, while in the second set, roughly 4.5 wt.% wa
luded. Both the rubber and graphite-bearing laminates
ade by pressing the lay up in a compression unit ope
t about 0.4 MPa to yield about 3 mm thick laminates.
uring was carried out at ambient conditions for a minim
eriod of 24 h. The rubber-bearing laminate is designate

he lower of the two graphite-bearing laminate (i.e. 2.5 w
s denoted by ‘B’ and the 4.5 wt.% graphite-bearing is de
ated ‘C’ for purposes of discussion of the results (Table 1).
ear test coupons of geometry 6 mm× 6 mm× 3 mm were

ut from the laminates using a diamond tipped cu
nd then tested for characterizing the friction and w
roperties.
ig. 1. Pin assembly showing location of the G–E test sample (inset:
abric details along with epoxy resin matrix showing the sample su
ubjected to wear).



digital weighing balance. The tests are carried out by select-
ing the test parameters viz., normal load, velocity and sliding
distance. Following the completion of the test, the pin as-
sembly is weighed accurately again using the same balance.
Thus, the weight changes, due to wear runs of the specimen,
were recorded and are reported here in.

The sliding distance was maintained at 5 km for both the
rubber and graphite-bearing samples. A load and velocity
ranges of 29–69 N and 2–5 m/s, respectively, were chosen.
The weight loss of the sample was determined by noting the
difference in the initial and final weight readings of the sam-
ple. Four samples were run for each combination of the test
parameters employed. The results reported are thus the aver-
age of four readings and the scatter band in the experiments
is plotted for each of the velocity and load employed in this
investigation.

2.3. SEM examinations

For SEM examinations, the samples were coated with a
thin layer of gold using a sputtering unit. Both the surface
features and information about wear of the counter surface
could not be undertaken due to experimental constraints.
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Fig. 3. Weight loss vs. sliding velocity for different loads in B type samples.

tested, the C type exhibits the least wear and A variety the
maximum for all conditions.

3.2. Coefficient of friction

Differing trends in the coefficient of friction measure-
ments are observed (Table 2). For sample A with an increase
in the sliding velocity, the coefficient of friction (µ) increases,
where as with increase in load under constant sliding veloc-
ity, µ decreases, thus highlighting the significance of the test
parameters onµ values for rubber-bearing samples.

For C type samples, like in A, an increasing trend inµ is
recorded for sliding velocities increasing in the range 2–5 m/s
for a constant load. But unlike samples A, a increase in load
under constant velocity increasesµ, slightly.

For B samples, a stepwise increase in load under constant
sliding velocity results in an increase followed by decrease
of µ. But for increased sliding velocities under constant load,
a different trend in the form of decrease in values, compared
to C type, is seen for B type sample.

3.3. Scanning electron microscopy

The SEM observation on a A type shows (Fig. 8) debris
formation and broken fibers at 69 N and 2 m/s sliding con-
d slid-

F les.
. Results and discussion

.1. Wear measurements

Fig. 2shows the details of the weight loss with respec
liding velocity for the rubber-containing A type samples
ifferent loads. The data show that weight loss increases
ither increase in load or sliding velocity. Similar results
btained for both B (Fig. 3) and C (Fig. 4) samples. To sho

he relative wear loss for differing loads and sliding velocit
he results are now represented in the form of bar diagra
ig. 5(a)–(d) for a constant load (29 N) and sliding dista
5 km) but varying in sliding velocity. Similarly,Fig. 6(a)–(d)
ndFig. 7(a)–(d) show the corresponding situations obta
t higher loads (i.e. 49 and 69 N, respectively). From s
ar plots, it is noted that of the three filler bearing varie

ig. 2. Weight loss vs. sliding velocity for different loads in A type samp
itions. Keeping the load constant, but increasing the

ig. 4. Weight loss vs. sliding velocity for different loads in C type samp



Fig. 5. (a) Wear data of A–C samples at 29 N load application for sliding velocity of 2 m/s; (b) wear data of A–C samples at 29 N load application for sliding
velocity of 3 m/s; (c) wear data of A–C samples at 29 N load application for sliding velocity of 4 m/s; (d) wear data of A–C samples at 29 N load application
for sliding velocity of 5 m/s.

Fig. 6. (a) Wear data of A–C samples at 49 N load application for sliding velocity of 2 m/s; (b) wear data of A–C samples at 49 N load application for sliding
velocity of 3 m/s; (c) wear data of A–C samples at 49 N load application for sliding velocity of 4 m/s; (d) wear data of A–C samples at 49 N load application
for sliding velocity of 5 m/s.

Table 2
Coefficient of friction in A–C type G–E samples under all experimental conditions

Load (N) Coefficient of friction (µ)

Sliding velocity 2 m/s Sliding velocity 3 m/s Sliding velocity 4 m/s Sliding velocity 5 m/s

A B C A B C A B C A B C

29 0.70 0.41 0.21 0.75 0.40 0.23 0.79 0.39 0.25 0.85 0.37 0.30
49 0.61 0.45 0.23 0.65 0.43 0.25 0.71 0.42 0.28 0.82 0.41 0.31
69 0.49 0.44 0.24 0.57 0.42 0.27 0.61 0.41 0.29 0.63 0.39 0.32



Fig. 7. (a) Wear data of A–C samples at 69 N load application for sliding velocity of 2 m/s; (b) wear data of A–C samples at 69 N load application for sliding
velocity of 3 m/s; (c) wear data of A–C samples at 69 N load application for sliding velocity of 4 m/s; (d) wear data of A–C samples at 69 N load application
for sliding velocity of 5 m/s.

ing velocity leads to appearance of smaller-sized fibers with
matrix debris well spread out (Fig. 9). Keeping the sliding
velocity constant, but decreasing the load to 29 N yields a
sample with good spread of the matrix, cracks in the matrix
and fewer debris (Fig. 10). A rise in the velocity (5 m/s) at
this load results in greater wear of the matrix and exposure
of the fibers (Fig. 11).

B type samples, on the other hand, show lesser spread
of the matrix debris (Fig. 12) and longer fibers compared to
A type (Fig. 8) under 69 N load and 2 m/s sliding velocity.
Fig. 13(69 N and 5 m/s) displays large fibers similar to fibers
seen in the B type sample subjected to a lower sliding ve-
locity of 2 m/s (Fig. 12). The length of these fibers appear
longer compared to the fibers observed for samples A under
corresponding test conditions (Fig. 9). Lowering of load and
velocity in B type yields surfaces which show a less smear-
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ing wear of the matrix region (Fig. 14) compared to A type
samples (Fig. 10). Also, the matrix has a tendency to show
dark-coloured matrix zones at the higher velocities (Fig. 15)
compared to the lower velocities (Fig. 14). The colouration
change in type B samples, not noticed in type A samples
point to the origin in the difference in the material tribolog-
ical behaviour i.e., sliding wear and coefficient of friction
characteristics.

Type C samples also show spreading of the matrix with
exposed long fibers (Fig. 16). Even with a rise in velocity,
long fibers are retained despite some tendencies to fragment
(Fig. 17). Darkening of the resin, a feature seen for type B
samples, is noticed in some areas (for example, in the lower
right region ofFig. 16). Also comparing B and C, the ex-
tent of wear is less in the latter, which is supported by the
features on the surface of sample, where lesser-delaminated
worn conditions are noticed (Fig. 16).
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ig. 8. SEM picture of A sample at 69 N load and 2 m/s velocity featu
umerous fibers some of which are fragmented.
ig. 9. The effect of higher velocity (5 m/s) on A sample showing well sp
ut of the matrix debris at 69 N load.



Fig. 10. SEM photograph in sample A for lower load (29 N) application at
2 m/s velocity displaying wider spread of the matrix, but fewer debris and
cracks.

Fig. 11. The effect of increased velocity (5 m/s) for the A type sample bring-
ing out increased exposure of the fibers by keeping the load at 29 N.

Fig. 12. B type sample for high load (69 N) and low velocity (2 m/s) situation
detailed a lesser spread of the matrix debris and retention of longer fibers
compared to that seen in A type of sample shown inFig. 8.

Fig. 13. The influence of higher velocity (5 m/s) on B sample at 69 N load
application showing breakage of long fibers.

Fig. 14. The effect of decreased load (29 N) and lower velocity (2 m/s) show-
ing wear out of the matrix region and masking of fibers in the B type of
sample.

Fig. 15. The SEM observations at 29 N load highlighting darkened matrix
zones and matrix debris in B type sample subjected to higher velocity (5 m/s).



Fig. 16. C type sample exhibiting spread of the matrix on lengthy fibers
despite the use of higher load (69 N) and lower velocity (2 m/s).

As for the high load (69 N) and high speed (5 m/s), it is
seen that the A type sample shows broken fibers and greater
debris (Fig. 9) than the B type sample (Fig. 13), while the de-
bris and the length of the fragmented fibers are least for the C
type sample (Fig. 17). Also noticed are hardly any breakages
of fiber with very less matrix wear in addition to network
of very small cracks at 29 N load and 2 m/s sliding velocity
for C type samples (Fig. 18). Increasing the sliding velocity
to 5 m/s and keeping the load constant for C type samples
results in masking of fibers by the matrix together with de-
bris formation (Fig. 19). These observations are consistent
with the experimental weight loss data presented earlier. A
decreasing wear loss with increasing amounts of graphite in
epoxy–glass system, as earlier been reported[7] and thus the
present results on graphite in epoxy–glass system corrobo-
rates the previous findings[7].

To explain the reduced wear in B type than in A type
samples, the abilities of graphite to form a film (lubricant)
layer and reduce frictional drag forces can be invoked. In-
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Fig. 18. The influence of very low velocity (2 m/s) and load (29 N) in C type
sample showing small cracks forming a kind of network.

deed, graphites with the basal plane shear are known to be
good solid lubricants. Graphite forms a film, which has an
effect to reduce wear as seen in type B. This argument gets
further support when the data obtained for type C samples
are also considered. The C type samples containing higher
amounts of graphite of two layers has a lower coefficient of
friction (Table 2) as well as lower wear loss values (Fig. 4).
The greater ease of film formation assists in lubricating the
contact surface and causing less wear of the material. This
argument is supported by lowerµ obtained for C type com-
pared to B type samples. Similar results were previously re-
ported in a epoxy–graphite system exhibiting a lower wear
loss with increased graphite content[7]. The change in the
pattern of friction with either sliding velocity or load, seen
for graphite-bearing (i.e. for B and C types), being differ-
ent compared to rubber-bearing (A) can be ascribed to the
frictional heat[9] and attendant property changes in graphite
and to the optimum level of graphite film thickness above
which the film layer formed may have differing response to
the operating conditions. In the present study, for the velocity
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ig. 17. C type sample showing features of 69 N load subjected to h
liding velocity (5 m/s) displaying least matrix debris formation and s
ber fragmentation tendencies.
ig. 19. SEM micrograph details the features in the C type sample sub
o 29 N load and 5 m/s sliding velocity, wherein masking of the fibers b
ebris is noticed.



range 2–5 m/s, theµ values increased steadily with load and
after reaching a peak, the value decreased for the B type sam-
ple. Incidentally, it was noticed that removal of debris formed
during experiments contributed to increased values ofµ, thus
supporting the contention that thickness of already formed
graphite layer during the build up and its retention on the
surface during continuous contact with the steel counterface
has an important effect on the friction and wear performance
of the G–E composite systems.

4. Conclusions

The response to tribo situations in G–E polymer composite
system is dependent on filler type as well as its amount. Be-
tween the two fillers attempted in this work, graphite-bearing
ones exhibit lower wear loss, whose value drops down further
when the content of the filler in the composite is raised.

As regards the coefficient of friction, no one common
trend could be observed. This is partly due to the response of
the fillers being different. The rubber-bearing samples being
elastic offer a different tribo situation compared to graphites,
which are prone to basal slip. The amount of this material
on the tribo surface also has a bearing on the test parameters
recorded. The work points to the need to employ a hybrid-
filled G–E system, where the differing responses arising from
r s re-
q s of
f
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