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Abstract

The present study investigated the effect of various reinforcements, including boron
carbide (B4C), multi-walled carbon nanotubes (MWCNTS), and a combination of
both, on the wear resistance of composite materials made of glass fiber-reinforced
plastic (GFRP). Four samples were used in the experiment, namely pure GFRP,
GFRP with 0.2% B4C, GFRP with 0.2% MWCNTSs, and GFRP with 0.2% B4C and
0.2% MWCNTSs. Samples are subjected to various speeds of 1 m/s and 2 m/s as well
as weights ranging from 50 N to 150 N. The wear resistance of the composite
materials was assessed using weight loss before and after the testing. The outcomes
demonstrated that the wear resistance of GFRP was improved by the addition of
either BAC or MWCNTSs. The composite material that was reinforced with both
MWCNTs and B4ACNTs additionally demonstrated the highest wear resistance. The
aerospace and automobile industries, which demand materials with great wear
resistance, can benefit from the information this study offers. The wear resistance of
GFRP might be greatly improved by adding B4C and MWCNTSs as reinforcement,
leading to a longer service life and lower maintenance costs. The study’s
experimental design and findings may also serve as a foundation for future studies
on how to improve the wear resistance of composite materials in various
environments.
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INTRODUCTION

Because of their superior mechanical, physical, chemical, and structural properties,
GFRP composites have found widespread application in a variety of industries
including automotive, aircraft, ships, and boats. The addition of fillers to composite
materials can improve the performance of the composite, [1 - 7]. The mechanical,
thermal, and functional properties of epoxy resins can be improved by
incorporating inorganic particles such as Al203, B4C, SiO2, TiO2, and other nano-
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ceramic particles, [8]. The tribological behaviour of composite materials is critical in
applications where materials are subjected to sliding conditions, [9]. Polymer
composites' tribological properties cannot be predicted and must be evaluated in the
specific environment and conditions in which they will be used, [10]. Factors such as
matrix material and fibre orientation can improve or degrade the tribological
properties of epoxy resin. Furthermore, environmental conditions, applied load, and
sliding speed can all have an effect on wear, [11 - 15].Polymer composites reinforced
with woven fabric have desirable properties and are simple to manufacture, [16].
Lim et al., [17] investigated the wear properties of carbon/carbon composites and
discovered that CNTs improved wear resistance. Bagci et al., [18] investigated the
wear behaviour of GFRP reinforced with silicon oxide and discovered that GFRP
nano composites were resistant to abrasive particles. Debonding between the fibre
and matrix, matrix fracture, delamination, and fibre fracture are all common types
of wear in FRP, [19 - 24]. Deshpande et al., [25] investigated the wear resistance and
friction coefficient of an HFRP/bone fibre composite and discovered that sliding
speed had the greatest influence on wear rate. Jain et al., [26] investigated the effect
of MWCNTs on the wear behaviour of GFRP and discovered that MWCNT
addition significantly improved the wear rate. Basavarajappa et al., [27] discovered
that using 10% graphite as a filler in GFRP/graphite composites reduced wear and
friction. Hanumantharaya et al., [28] assessed the wear resistance of epoxy polymer
composites reinforced with nanofillers such as fly ash, B4sC, and MoS2. They
concluded that the addition of these nanofillers improved the wear performance of
pure epoxy composites. The hand layup method, a simple method for creating
GFRP laminates, was used to study GFRP/Glass fibre nanocomposites. Gao et al.,
[29] previously investigated the effect of various fillers on the wear and friction
resistance of epoxy composites, including short carbon fiber, short glass fiber,
graphite, and silicon oxide. According to the results, the composite made of epoxy,
short carbon fiber, silicon, and graphite had the best wear resistance.

The goal of the study was to determine the effectiveness of nano B4C, nano
MWCNTSs, or a combination of the two in improving the wear resistance of glass
fiber-reinforced plastic (GFRP). To that end, the tribological properties of GFRP
composites containing B4C, MWCNTs, or a combination of the two were
determined using a pin on disc testing method under various load and sliding speed
conditions.

EXPERIMENTAL

Materials

The material used in the study was a combination of reinforcement E-glass fiber
woven fabric with a surface weight of 600 GSM and matrix unsaturated epoxy resin
(LY556). The hardener used was Araldite (HY951). The composite contained
nanofillers in the form of 0.2% weight of B4C (50 nm) and 0.2% weight of
MWCNTs (15 nm x 10 microns).The wet-hand lay-up method [30] was used to
create three types of GFRP composites: GFRP/0.2% MWCNTs, GFRP/0.2% B4C,
and GFRP/0.1% B4C/0.1% MWCNTSs. The procedure began with the creation of
170 x 170 mm? fiber mats. The matrix was then created by combining the
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unsaturated epoxy and hardener in a 10:1 ratio.Table 1 describes the process of
incorporating nanofillers into epoxy resin. The mixture was stirred for 15 minutes
with a magnetic stirrer to ensure that the nanofillers were evenly distributed. As
shown in Fig. 1, the composites were created using a flat wooden mould that was
positioned horizontally and coated with wax to make removal easier. The composite
was created by rolling out the first layer of epoxy resin on a roller, followed by
laying a layer of E-glass fiber woven fabric on top.After that, the E-glass fibers were
attached to the mould surface. A stainless-steel roller was used to remove any air
pockets from the layers, ensuring that the epoxy resin was distributed evenly. Over
the glass fiber sheet, another layer of epoxy resin was applied. The remaining
GFRP/nanofiller composites were created using the same steps, but with the
nanoparticles pre-incorporated into the resin. The thickness of all composites was
kept constant at 5mm. The composites were allowed to sit at room temperature for
24 hours after the process was completed.

Fig. 1 Hand layup method.

Table 1 Percentage of nanofillers in GFRP composites.

Sample GFRP Nano B4C MWCNTSs
no. wt.% wt.% wt.%
1 100 0
2 99.8 0.2
3 99.8 0 0.2
4 99.6 0.2 0.2
Testing
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Wear Test

In a dry sliding environment, the wear behaviour of GFRP composites with varying
percentages of nanofillers was evaluated using an ASTM G99-05 compliant pin-on-
disc wear testing machine (DUCOM, TR 20LE). Before and after testing, the
specimens were cleaned, shaped into 10mm x 10mm x 35mm pins on a CNC milling
machine, and their initial weights were measured with a high precision electronic
balance. At room temperature, the tests were performed with a rotating disc made
of hardened steel with a hardness of 60 HRC and a surface roughness of 1.8
micrometres.The pin was attached to it with a wear path diameter of 100mm.
Normal loads of 50, 75, 100, 125, and 150 N were applied, with sliding velocities
ranging between 1 and 2 m/s. The total sliding distance was 1180 m, and the wear
rate was determined using the equation below.

Am
Ws

LpF
Where,
AM = sample weight loss (kg)
p = Specimen density (kg/mm?)
F = Applied Load at normal direction (N)

Fig. 2 pin-on disc wear tester

RESULT AND DISCUSSION

Weight loss

The wear characteristics of GFRP composites were investigated using weight loss
measurements under varying loads and sliding speeds, with temperature,
roughness, and lubrication also taken into account. Figures 3 and 4 show the results
of tests with loads of 50 N, 75 N, 100 N, 125 N, and 150 N and sliding speeds of 1 m/s
and 2 m/s. These findings demonstrate the effect of applied load and sliding speed
on the weight loss of GFRP composites containing various nanoparticles.
Temperature was found to play a role in surface wear, as increasing the
temperature caused the polymer sample to soften. As the sliding speed and normal
load increased, so did the temperature, resulting in increased wear on the sample
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surface. While load and sliding speed increased the weight loss, the wear rate
decreased due to the formation of a thicker, softer surface layer. As the temperature
rose, the sample’s epoxy matrix layer softened and separated from the glass fiber,
resulting in increased weight loss as the load and sliding speed increased. The wear
rate of the GFRP composite without nanofillers was the highest of the composites
tested, as measured by weight loss, while the wear rate of the GFRP/BAC/MWCNT
composite was the lowest. Fiber dilution, breakage, and peeling were identified as
the three primary wear modes for all composite materials. The presence of a
chemical bond between the epoxy and the filler material strengthens the composite
overall, with the fiber bearing the majority of the load. Three-body abrasive wear is
a major factor in composite wear, resulting in increased wear and higher
coefficients of friction as the fiber breaks down.
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Fig. 3 weight loss versus applied load (sliding speed= 1 m/s, sliding distance=1180
m).
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Fig. 4 weight loss versus applied load (sliding speed= 2 m/s, sliding distance=2360
m).

3.2. Specific wear rate

The specific wear rate of polymer composite materials is influenced by several
factors, including the density of the specimen, the sliding velocity, and the applied
load. The relationship between the specific wear rate and the applied load can be
seen in Figures 5 and 6 for different glass fiber reinforced polymer (GFRP)
composites at constant sliding speeds of 1 m/s and 2 m/s, respectively. In general, the
specific wear rate of the GFRP composites decreases as the load increases from 50 N
to 150 N. This is because harder surfaces tend to resist wear better, and as the load
increases, the contact pressure between the surfaces also increases, making it more
difficult for the softer material to deform and wear away. However, there is an
exception in the case of the GFRP/BAC/MWCNT composite, which shows a
continuous decrease in specific wear rate as the load increases. This indicates that
the addition of boron carbide (B4C) and multi-walled carbon nanotubes
(MWCNTS) to the composite has improved its wear resistance, even at higher loads.
The B4AC and MWCNTSs are known to increase the composite material’'s hardness
and toughness, respectively, making it more resistant to wear. Glass fibers, which
are commonly used as reinforcing materials in GFRP composites, are brittle and
abrasive, which can contribute to greater mass loss during wear tests. This is due to
three-body abrasive wear [31-33], which occurs when hard particles (such as glass
fibers) become trapped between the sliding surfaces and act as abrasives, causing
the softer material to wear more quickly. Understanding the relationship between
the specific wear rate and the applied load is therefore critical for selecting and
designing wear-resistant polymer composite materials.
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Fig.5 Specific wear versus applied load (sliding velocity 1 m/s, sliding distance =
1180 m).

5

4.5

4
— X
£

35
? X
£ 3 2
o ~
S 25
X
[
= 2 === Neat X

e B4C
1.5 == MWCNTS
Hybrid
1
40 60 80 100 120 140 160
Load, N

Fig. 6 Specific wear versus applied load (sliding velocity 2 m/s, sliding distance =
2360 m).

3.3. Friction Coefficient
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The coefficient of friction is directly influenced by the applied load and sliding
speed, as demonstrated by the data presented in Figures 7 and 8. According to
Agrawal et al., [34], there is a positive correlation between the coefficient of friction
and the applied load and sliding speed. This trend can be attributed to the wear
behavior, viscoelastic properties, and temperature of the polymer. Friction
generates heat, which raises the temperature of the contact surface and alters the
viscoelastic properties of the surfaces in contact, [35]. GFRP composites containing
B4C and MWCNT nanoparticles function as self-lubricants, resulting in reduced
friction rates. Conversely, pure GFRP composites exhibit high wear and friction
rates, whereas GFRP composites containing B4C and MWCNT have superior wear
resistance.
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Fig. 7 COF versus applied load (sliding velocity 1 m/s, sliding distance = 1180 m).
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Fig. 8 COF versus applied load (sliding velocity 2 m/s, sliding distance = 2360 m).
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Fig. 10 SEM of worn surfaces: (a) Neat GFRP sample; (b) GFRP sample with 0.2
wt. % B4C (c) GFRP sample with 0.2 wt. % MWCNT(d) GFRP sample with 0.2 wt.
% B4C + 0.2% MWCNT.

3.4. SEM inspection

SEM was used to examine the surface of Glass Fiber Reinforced Polymer (GFRP)
composites with and without nanoparticles, as shown in Figures 9(a) and 9(b) .The
surface wear of these composites was also studied. Figures 10(a) to 10(d) show SEM
micrographs of the worn surfaces of various GFRP composites (d).Figure 10(a)
depicts the surface of a plain GFRP sample, revealing that the resin in the first layer
has mostly worn away and the fibers have been pulled and broken. It is also possible
to see that the bond between the fiber and the epoxy matrix is weak. Figure 10(b)
depicts the reduced wear rate on the surface of a sample containing 0.2 wt. % B4C
when compared to a neat GFRP sample. Figure 10(c) shows that the surface of a 0.2
wt. % MWCNT sample has significantly less wear damage. Finally, Figure 10(d)
depicts the improved interface bond between the epoxy matrix and fiber on the
surface of a (GFRP / 0.2 % B4C / 0.2 % MWCNTSs) sample under similar loading
and sliding speed conditions.

CONCLUSIONS

The study’s data suggests the following conclusions:

1. The applied load and sliding speed have a significant impact on the wear rate and
friction behavior of GFRP composites, according to the data analyzed in the study.
2. As the load and speed increase, the polymer composite material softens,
increasing the wear rate.

3. The coefficient of friction (COF) of GFRP increases as the applied load and speed
increase.

4. When subjected to abrasive conditions, the unmodified GFRP composite was
found to have the highest wear rate, which can be attributed to the three-body
abrasive wear caused by fiber separation. The GFRP composite reinforced with
both boron carbide and multi-walled carbon nanotubes, on the other hand, had the
lowest wear rate.

5. Adding nano-sized boron carbide and multi-walled carbon nanotubes improves
the tribological properties of GFRP composites significantly.

6. When compared to other GFRP composites without reinforcement, the GFRP
composite reinforced with both B4C and MWCNTS had the highest wear resistance.
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