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Effects of Material and Test Parameters on the
Wear Behavior of Particulate Filled Composites
Part 1: SiC-Epoxy and Gr-Epoxy Composites

M. S. BHAGYASHEKAR
Dept of Mechanical Engineering
Ghousia College of Engineering, Ramanagaram - 571 511, India

R. M. V. G. K. Rao*

Fibre Reinforced Plastics Division, National Aerospace Laboratories
Bangalore - 560 017, India

ABSTRACT: Studies were carried out on a (RT) cure epoxy (LYS556 + HY951) composite system
comprising of silicon carbide (SiC) and graphite (Gr) particulates. Results showed that
the wear resistance and coefficient of friction of both the composites increased with sliding
distance and contact load (contact pressure) for the range of filler contents (5-40% wt) considered.
The Gr-composite exhibited its distinct (superior) tribological feature compared to the
SiC-composite. A wear endurance index has been identified from the experimental data, to serve
as a parameter to assess the long term wear life (residual wear life) of these composites.

KEY WORDS: polymer composite, particulate fillers, SiC-epoxy, Gr-epoxy, wear behavior.

INTRODUCTION

OLYMER MATRIX COMPOSITES are a special class of modern materials finding
Pnumerous applications [1]. Based on the reinforcement geometry, they are broadly
classified as high aspect ratio-fiber reinforced composites and low aspect ratio particulate
filled composites. Of these, the latter form a distinct class of composites, exhibiting unique
properties [2] that have opened up several new areas of industrial applications. For this
class of composites the thermoset polymers are the preferred matrix materials [3], with
Diglycidyl of bisphenol A (DGEBA) type epoxy resin being the most widely used work
horse matrix for innumerable applications, owing to its well balanced chemical, adhesive,
thermal and processing characteristics. However, the high coefficient of linear expansion,
low thermal conductivity and limited mechanical properties of epoxies limit their use in
tribological applications. Nonetheless, the incorporation of low aspect ratio fillers [4] in
these matrix systems improves several properties such as flexural modulus, dimensional
stability, heat deflection temperature [5—7] and wear resistance [8].
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The literature survey carried out revealed only a few studies on the tribological
behavior of epoxy composites filled with either SiC or Gr particulates. Xiubing Li et al. [9],
in their studies on Gr-Epoxy (up to 50vol.% Gr.) using a ring on block wear tester at
a constant speed and load condition, showed that increasing graphite content reduced the
wear volume loss as well as the coefficient of friction in the composite. Durand et al. [10],
in their studies on SiC-Epoxy by varying SiC up to 40 vol.%, described the effect of size
and type of the ceramic filler on wear resistance of the composites. They conducted the
test at a constant speed and load using a pin on disc test set up, but with the composite
specimen serving as the disc and a steel ball as its counter surface. However, several other
reports [11-18] show studies on epoxy composites filled with hybrid fillers, mainly
constituting a few or many combinations of both organic and inorganic fillers.

The studies presented herein are for epoxy resin, filled with a highly abrasive type SiC in
one case, and self-lubricating type Gr filler in another case. Further the studies carried out
using a standard pin on disc apparatus encompassed an extensive array of compositional
(% filler loading) and test (sliding distance, load) parameters; in order to clearly bring out
their distinct effects on the material response parameters characterizing the tribological
behavior of the two class of composites considered.

EXPERIMENTAL DETAILS
Materials

The host matrix used is a bifunctional RT-cure epoxy resin system (LY556/HY 951 of
M/S Ciba-Geigy), and the particulate fillers used are 320-mesh SiC (of M/s. Gransilica,
Bangalore) and Graphite (of M/s. Graphite India, Bangalore).

Specimen Preparation and Characterization

The fillers were preheated to remove any moisture present and cooled to ambient
temperature. The required quantities of the filler were stirred gently into the liquid epoxy
resin, taking care to avoid the introduction of air bubbles. The mixture was later placed
in a vacuum chamber for about one hour to remove any entrapped air, and then the
amine-hardener was added to the above mixture in the ratio of ten parts per 100 g resin,
and stirred to ensure complete mixing. The mixture was then poured into a metallic mold
coated with a release agent to yield specimens of 25 mm height and 10 mm diameter, upon
curing and release from the mold after 24 hours. These wear test specimens were then post
cured at 50°C for 30 min/70°C for 60 min/85°C for 120 min.

Composition of test specimens of both type of composites was varied up to 40% by
weight of filler loading at intervals of 5%. Extreme care was taken to pre-empt any
undesirable filler settling effect by casting the slurry just prior to its gelling stage, all the
time keeping it in a stirred condition. This was done to ensure the uniform composition
of the cast specimens across its volume.

Wear Test Procedure
The schematic of pin on disc apparatus (M/s. Ducom, Bangalore) used in these studies is

shown in Figure 1. As shown in the figure, the composite specimen was mounted in the
holder located on a loading lever arm and the normal load applied, using standard
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Specimen composite pin _J

y | Disc steel counterpart Dead weight
Normal force

Figure 1. A schematic diagram of the pin on disc wear test apparatus.

weights (10N, 20N & 30 N in these experiments) to simulate different contact pressures.
The C 60 disc was then set to a given rpm (200 rpm) and the tests run for different lengths
of time to realise different sliding distances. The height loss and the tangential force
experienced by the specimens as functions of compositional (filler contents) and test
(normal load and sliding distance) parameters were digitally recorded. The results were
tabulated, plotted and discussed in subsequent sections.

RESULTS AND DISCUSSION

In this section the results on the effects of filler loading (compositional parameter) are
presented, as well as the sliding distance and load or contact pressure (test parameters)
on the tribological response (wear loss, specific wear loss and coefficient of friction) of the
SiC-Ep and Gr-Ep composites.

Effect of Test Parameters on Wear Loss of Unfilled Epoxy

Figure 2 shows the wear (Volume) loss of the unfilled epoxy casting as a function of
sliding distance under three different applied loads viz, 10N, 20N and 30N (contact
pressures 127 KPa, 254 KPa and 381 KPa). It can be seen that the wear loss increases with
the sliding distance and increases more as the contact pressure is increased. This is due to
disintegration of the test specimen surface, by formation of microcracks, microcutting
and microploughing [19] as it is sheared and ploughed through [20], as a result of the
frictional force exerted by the disc material.

From the above figure, the dependency of wear loss (W,) on the sliding distance (D)
for the three loads considered can be represented by the following equations:

W1 = 0.0031 D, + 5.055 (1)
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W20 = 0.0051 Dy + 4.635 2)

W30 = 0.0053 D, + 5.319. 3)

Further, it can be seen from these equations that the wear loss rate while being higher
for higher loads in general, remains less prominently so at higher loads (20 N and 30 N),
as reflected in the slopes of the above equations.

Effect of Filler Loading on Wear Loss of Filled Epoxy Composites

The effects of filler loading at different sliding distances and loads for SiC and Gr
composites are shown in Figures 3-8.

In general, a notable feature of all these figures is that there is an initial sudden drop in
wear loss up to around 5% filler loading, followed by a very gradual wear loss thereafter
for all the cases in both the composites. This indicates a kind of “wear stabilization
phenomenon”, clearly pointing to a less than proportionate effectiveness of the filler
loading beyond this threshold value (5%). Figures 6-8 in particular clearly bring out the

18
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6
4-
2
0

x 10N (127 KPa)
0 20N (254 KPa)
2 30N (381 KPa)

Wear loss (mm?)

0 500 1000 1500 2000 2500 3000
Sliding distance (m)
Figure 2. Effect of sliding distance and contact load on wear loss of unfilled epoxy.
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—+-D,317m -=-D,635m -4-D,952m
—>Dg 1269 —*D 1587m —e—D,1904m
——Dg2221m —-—D,2538m —&-D,2856m

Wear loss (mm?3)

0 5 10 15 20 25 30 35 40
% SiC

Figure 3. Effects of % filler and sliding distance (Ds) on the wear loss of SiC-Ep composites contact load 10N
(127 KPa).
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Figure 4. Effects of % filler and sliding distance (Ds) on the wear loss of SiC-Ep composites contact load 20 N

(254 KPa).
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Figure 5. Effects of % filler and sliding distance (Ds) on the wear loss of SiC-Ep composites contact load 30 N

(381KPa).
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Figure 6. Effects of % filler and sliding distance (Ds) on the wear loss of Gr-Ep composites contact load 10 N

(127 KPa).
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Figure 7. Effects of % filler and sliding distance (Ds) on the wear loss of Gr-Ep composites contact load 20 N
(254 KPa).
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Figure 8. Effects of % filler and sliding distance (Ds) on the wear loss of Gr-Ep composites contact load 30 N
(381 KPa).

overall superior wear resistance (or lower wear loss) characteristic of the Gr-Ep composites
compared to the SiC-Ep composites (Figures 3-5). Table 1 presents a summary of the
tribological characteristics of the SiC-Ep and Gr-Ep composites, considering the extreme
wear test conditions.

The table reflects in general the lower wear loss characteristics exhibited by the Gr-Ep
composites, indicating their inherent self-lubricating property. However, the Gr-Ep
composites are seen to be more sensitive to the influence of filler content and sliding
distance as compared to the SiC-Ep composites, obviously due to their lower hardness.

Effect of Filler Loading on Specific Wear loss (W,)

The specific wear loss (W, in mm?®/N-m) parameter and provides a more comprehensive
measure of the wear loss characteristics of the material. It is defined [21] as the reduction
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Table 1. Quantitative summary of wear loss at extreme operating,
loading and filler contents.

Wear loss (mm?®) for composites at sliding distance of

317m 2856 m
Filler  Load (N) 5% 40% 5% 40%
SiC (hard) 10 3.456 1.335 8.875 3.848
30 4.163 1.963 10.838 3.927
Gr (soft) 10 2513 0.785 7.461 3.691
30 3.377 0.707 8.168 4.320
187 x10N ©020N a30N
16 X
14 -
£ 121
=2
£ 10-
£
€ 8-
b
S 61
2 41
2 .
0

0 500 1000 1500 2000 2500 3000 3500 4000
Ds (m)

Figure 9. Effect of sliding distance (Ds) and contact load on specific wear loss (Ws) for unfilled epoxy.

of the specimen volume normalised with respect to the sliding distance and the load,
as quantified below:

W, = Ahx A/DFy 4)

where

Ah =reduction in height of the specimen, mm
A =specimen cross sectional area, mm?>

D, =sliding distance, m

Fy =normal load, N.

The specific wear loss as a function of sliding distance under the applied loads of 10, 20
and 30 N for unfilled epoxy is shown in Figure 9. From the figure it can be observed that
the specific wear loss exhibits an initial steep drop up to a sliding distance of 500 m, and
remains practically insensitive to sliding distance thereafter. This can be attributed to the
fact [22] that the formation of transfer layer of the epoxy on the counterface surface acts to
reduce the wear loss, as the epoxy is sliding against itself. It can be seen from the figure
that the specific wear loss varies inversely with the load, which is expected. The above
trends are represented by the following equations:

W, =390.13 D078 (5)
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W, = 96.49 D, %4482 (6)
W, = 75.85D; 47, (7)

Figures 1012 present the effect of sliding distance on the specific wear loss of SiC-Ep
composites for various filler loadings, under different applied loads of 10, 20 and 30 N.
From these figures, it can be observed that SiC addition reduces the composites’ specific
wear loss, which means an improvement in the wear resistance of the SiC composites.
Again similar to the effects noted for the wear loss (Figures 3-5), the specific wear loss is
also seen to become independent of the sliding distance beyond a certain point. Further, it
can be observed that the specific wear loss is less the greater the load applied, an effect
similar to that observed in the case of unfilled epoxy.

The effects of the compositional and wear test parameters on the specific wear loss of
the Gr-Ep composites are presented in Figures 13—15. Here also, while the tribological

16 1 o o Ep 05%SiC-Ep & 10%SiC-Ep
x 15%SiC-Ep % 20%SiC-Ep ¢ 25%SiC-Ep

14
+30%SIiC-Ep * 35%SiC-Ep e 40%SiC-Ep

12
10

W (10*mm3/Nm)
o]

0 500 1000 1500 2000 2500 3000
Ds (m)

Figure 10. Effect of sliding distance (Ds) on the specific wear loss (W) of SiC-Ep composites contact load 10
(127 KPa).

101 o Ep 05%SiC-Ep & 10%SiC-Ep
° x 15%SiC-Ep x 20%SiC-Ep ¢ 25%SiC-Ep
8 +30%SiC-Ep ¢ 35%SiC-Ep ® 40%SiC-Ep
E
£
b
o 44
=
=
2_.
0 T T T T T 1
0 500 1000 1500 2000 2500 3000

Ds (M)

Figure 11. Effect of sliding distance (Ds) on the specific wear loss (Ws) of SiC-Ep composites contact load
20N (254 KPa).
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W (107 mm3/Nm)

81 oEp 05% SiC-Ep 4 10% SiC-Ep

x 15% SiC-Ep x 20% SiC-Ep © 25% SiC-Ep
+30% SIiC-Ep + 35% SiC-Ep 40% SiC-Ep

0 500 1000 1500 2000 2500 3000
Ds (M)

Figure 12. Effect of sliding distance (Ds) on the specific wear loss (W) of SiC-Ep composites contact load

30N (381 KPa).

W, (107 mm®/Nm)

18 1 o Ep 05% Gr-Ep 4 10% Gr-Ep
16 ° x15% Gr-Ep % 20% Gr-Ep ¢ 25% Gr-Ep
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12 A
10 A

8 -

6 -

4
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Figure 13. Effect of sliding distance (Ds) on the specific wear loss (Ws) of Gr-Ep composites contact load

10N (127 KPa)

W (107 mm3/Nm)

9 o oEp 05% Gr-Ep 4 10% Gr-Ep
8 x15% Gr-Ep x 20% Gr-Ep ¢ 25% Gr-Ep
7 - +30% Gr-Ep * 35% Gr-Ep ® 40% Gr-Ep
6 -
5 4
4 -
34
2 -
14
0 5(IJO 1 OIOO 1 5I00 ZdOO 25I00 30I00
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Figure 14. Effect of sliding distance (Ds) on the specific wear loss (Ws) of Gr-Ep composites contact load

20N (254 KPa).
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behavior of Gr-Ep composites are seen to be practically similar to that observed for
SiC-Ep composites, the specific wear loss maxima corresponding to the extreme sliding
distance are lower than those of the latter, clearly reflecting once again the superior wear
resistance of Gr-Ep composites.

Wear Endurance Index - A New Parameter

From the nature of curves shown through Figures 9-15 (W, V, Dy plots) for the unfilled
and filled epoxy composites, a very interesting phenomenon is observed. A careful look at
these figures reveals a distinct “threshold sliding distance Dy.”” above which the specific
wear loss (W,) of the material becomes practically invariant with increased sliding
distance; and below which it increases steeply, as shown schematically in Figure 16.
Thus this D, parameter can be used as a “wear endurance index” for these composites.
In Table 2 are presented Dy, values for the unfilled epoxy, SiC-Ep and Gr-Ep composites
at contact load of 20 N.

7 -
o Ep 05% Gr-Ep 2 10% Gr-Ep
6 ° x15% Gr-Ep x 20% Gr-Ep ¢ 25% Gr-Ep
+30% Gr-Ep % 35% Gr-Ep e 40% Gr-Ep
E 51
<
(2]
g 41
1S
L 31
T
= 24
1 -
o T T T T T 1
0 500 1000 1500 2000 2500 3000

D (m)

Figure 15. Effect of sliding distance (Ds) on the specific wear loss (Ws) of Gr-Ep composites contact load
30N (381KPa).

sc

W, (1074 mm3/Nm)

45°
D Dg (m)

Figure 16. Schematic representation of threshold sliding distance (Ds).

sc
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The parameters of the table are plotted in Figures 17 and 18 for both the composites.
From these figures it can be seen that as filler loading is increased “‘the wear stabilization”
is shifted towards a lower sliding distance, clearly indicating a longer leftover life. Once
again the superiority of Gr-Ep composites is reflected, as shown in Figure 17 (i.e. a steeper
specific wear loss reduction with % filler loading).

Table 2. Comparison of critical specific wear loss and
corresponding sliding distance for epoxy and its composites

under load 20 N.
Material W (107*mm3/Nm) D, (m)
Ep 7.10 360
10% SiC-Ep 2.55 650
20% SiC-Ep 2.40 525
30% SiC-Ep 2.30 475
40% SiC-Ep 2.05 430
10% Gr-Ep 2.90 525
20% Gr-Ep 2.65 475
30% Gr-Ep 1.90 340
40% Gr-Ep 1.10 330
4 -
o SiC-Ep = Gr-Ep
S 3
[sp]
E
1 2]
o
] 1
=
0 T T T ]
0 10 20 30 40
% Filler

Figure 17. Effect of % filler on critical specific wear loss (W) of the composites contact load 20N (254 KPa).

800
o SiC-Ep o Gr-Ep
600
’é o
5, 400 -
o’ B
200 -
0 T T T |
0 10 20 30 40

% Filler
Figure 18. Effect of % filler on threshold sliding distance (Dsc) of the composites contact load 20 N (254 KPa).
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Coefficient of Friction (COF)

Figure 19 shows the effect of sliding distance on the friction factor viz. COF of the
unfilled epoxy at different contact pressures. The COF values plotted are the averaged
values over the sliding distances. From the figure, it can be observed that the COF
increases with increased sliding distance at all contact pressures. Further, Figures 20
and 21 show the COF verses % filler for the SiC-Ep and Gr-Ep composites respectively at
different contact pressures, the trends of which are seen to be in line with their wear loss
characteristics (Figures 3-8).

Figure 22 shows the effect of contact pressure on the average value of COF of unfilled
and 20% particulate filled epoxy composites. It can be seen that for the unfilled epoxy the
COF first increases and then decreases with the contact pressure, which can be attributed
to the epoxy film formation on the countersurface, its fragmentation and the surface

0.6
0.5 A )

0.4

0.3

COF

0.2 4

0.14{  x10N (127KPa) 020N (254KPa) 2 30N (381 KPa)

0 500 1000 1500 2000 2500 3000
Ds (m)

Figure 19. Effect of sliding distance and contact load (pressure) on COF of epoxy.

067 —— 10N (127 KPa) —=— 20N (254 KPa)

—a— 30N (381KPa)

0.5 1
[

4
0.4
w 4
(@) -
S 0.3

0.2 4

0.1+

0 T T T T T T T 1
0 5 10 15 20 25 30 35 40

% SiC
Figure 20. Effect of filler content and contact load (pressure) on COF of SiC-Ep composites.
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unevenness caused thereof [23]. Further, Figure 22 also shows the COF vs. contact
pressure relationship for SiC-Ep and Gr-Ep composites, reflecting again the unique
tribological characteristics of Gr composites.

Effect of Filler on Wear Resistance (Reciprocal of Specific Wear loss)

The wear resistance of both types of composites is summarized as column diagrams in
Figures 23 and 24. While it can be observed that the wear resistance of filled composites is
superior to that of the unfilled epoxy, the Gr-Ep composite exhibits a higher wear
resistance than the SiC-Ep composite for all the cases considered in these studies. Once
again the superior wear resistance of the graphite composite is attributable to its layered
structure, with its inherent self-lubricating characteristics [24].

Morphological (SEM) Studies

In Figure 25, unfilled epoxy (the top photo) shows features characteristic of typical
unmodified resin casting, showing the wavy aspects of the wear track associated with the

0.6

05 —— 10N (127KPa) —e— 20N (254KPa) —— 30N (381KPa)

0.4 4

COF

0.3 4

0.2

0.1+

O T T T T T T T 1
0 5 10 15 20 25 30 35 40

% Gr

Figure 21. Effect of filler content and contact load (pressure) on COF of Gr-Ep composites.

0.6 1 *Ep = SiC-Ep a Gr-Ep

0z ——

0 100 200 300 400
Contact pressure (KPa)

COF

Figure 22. Effect of contact pressure on COF of epoxy and its particulate composites.
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Figure 23. Influence of SiC content on the wear resistance of its epoxy composites.
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Figure 24. Influence of Gr content on the wear resistance of its epoxy composites.

presence of cracks, normal to the sliding direction; whereas by contrast the SiC-Ep
(middle photo) shows granular fracture features with surface waves of lesser depth
separated by frequent tracks, indicating the brittleness introduced due to the incorporation
of the hard SiC particles into the relatively more ductile epoxy matrix chunks of the
particulates. This clearly accounts for the increased wear resistance of the latter. The Gr-
Ep (bottom photo) shows the fracture features typical of a layered composition, clearly
showing the graphitic cleavage planes in the composite. The absence of any granular
features (as in the SiC-Ep) or cohesive fracture features (as in the unfilled epoxy) seen
in this photo clearly reflect the morphological features of the graphite composites.

CONCLUSION
The wear behavior of the SiC-Ep and Gr-Ep composites was studied in terms of wear

loss and COF under varied experimental conditions. It was observed that wear parameters
viz. the wear loss, the specific wear loss and the COF, characterising the wear resistance
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(b) Middle

p ) =5882
(c) Bottom

Figure 25. SEM photographs of the epoxy particulate composites: (a) unfilled epoxy; (b) 40% SiC-Ep;
(c) 40% Gr-Ep.

of the composites, have shown expected trends both with reference to the compositional
(% filler loading) and the wear test (sliding distance and contact pressure) parameters.
However, results clearly showed the unique and superior wear resistance characteristics
of the Gr-Ep composites. The concept of the wear endurance index parameter introduced
in these studies is expected to help in assessing the wear endurance life of composites.
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