RESEARCH ARTICLE

W) Check for updates

M1aiecu
Olecular
Materials and Engineering

www.mame-journal.de

Tribological Performance of Bamboo Fabric Reinforced

Epoxy Composites
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Bamboo fiber is one of the strongest natural fibers with high
strength-to-weight and stiffness-to-weight ratios and can be used
economically for manufacturing fiber-reinforced composites. In this paper,
bamboo fabric-reinforced epoxy composite is manufactured and its
tribological properties for load-bearing applications are investigated. Sliding
wear tests are conducted using a linear reciprocating tribometer and the effect
of dry and lubricated contact conditions, applied load, sliding speed,
temperature, and woven fabric direction on the coefficient of friction and wear
rate are investigated. A scanning electron microscope is used to define the
wear mechanisms at room and elevated temperatures. It is observed that the
fabric orientation influences the mechanical and tribological performances of
the composite material. Wear rate increases at higher loads and working

orthopedic implants, where wear resistance
and load-carrying capacity are important de-
sign parameters.!”]

To reinforce the composite materials,
synthetic fibers such as carbon fiber, glass
fiber and aramid fiber have been exten-
sively used. However, with the trend to pro-
duce more environmentally friendly com-
posite materials, natural fiber composites
are emerging, and natural fibers such as
bamboo, kenaf, banana, oil palm, sugar-
cane and coconut have been investigated
by scientists and technologists around the
world.[&-11]

Among these previous works, the study

temperatures; however, the effect of sliding speed is not remarkable,
especially under lubricated contact conditions. The results present in this
paper can be used for designing bamboo-reinforced epoxy composites for
load-bearing applications, under different working conditions.

1. Introduction

Composite materials play an important role in different indus-
tries due to their unique mechanical, physical, and morpho-
logical properties.!'*! Fiber-reinforced composite materials pro-
vide high strength-to-weight and stiffness-to-weight ratios, high
toughness, good fatigue properties, and corrosion resistance.>*!
They can also be used as load-bearing parts, for instance as

B. A. Oliver, M. A. Selles, S. Sanchez-Caballero
Department of Materials and Mechanical Engineering
Universitat Politécnica de Valéncia

Alcoy 03801, Spain

E-mail: maselles@dimm.upv.es

Q. Dong, M. Ramezani

Department of Mechanical Engineering
Auckland University of Technology
Auckland 1010, New Zealand

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/mame.202300077

© 2023 The Authors. Macromolecular Materials and Engineering
published by Wiley-VCH GmbH. This is an open access article under the
terms of the Creative Commons Attribution License, which permits use,
distribution and reproduction in any medium, provided the original work
is properly cited.

DOI: 10.1002/mame.202300077

Macromol. Mater. Eng. 2023, 2300077 2300077 (1 of 1 1)

conducted by Chin et al. '] investigated the
utilization of kenaf fibers as a reinforce-
ment material for tribo-composites based
on epoxy for bearing applications. The study
found that the presence of kenaf fibers in
the composite material improved the wear
and frictional performance of the epoxy. Additionally, Pothan
et al.’3l examined the impact of fiber surface treatments on
the interaction between the fibers and matrix in banana fiber-
reinforced polyester composites. The study revealed that chem-
ical modification had a profound effect on the fiber-matrix in-
teraction, and a simple alkali treatment with NaOH at a concen-
tration of 1% was the most effective. Moreover, Maleque et al.'*]
studied the tensile, flexural, and impact properties of pseudostem
banana fiber-reinforced epoxy composites. Jacob et al.[*] also in-
vestigated the effects of fiber length and concentration on the
mechanical properties of natural rubber composites reinforced
with sisal/oil palm hybrid fibers and found that increasing the
fiber length or concentration resulted in a decrease in the mate-
rial properties.

In another study, Yousif et al.[’] examined the effect of oil
palm fibers on the tribological performance of polyester com-
posites. The study discovered that the presence of oil palm fiber
in the polyester improved the wear properties. El Tayebl'”! ex-
plored the tribological potential of sugarcane fiber reinforcement
in thermoset polymers and found that sugarcane fiber/polyester
composites show promise as tribo-materials. Finally, Nirmal
et al.'®l investigated the wear and frictional characteristics of the
treated betelnut fiber reinforced polyester (T-BFRP) composite
and found that the wear and frictional performance of the com-
posite improved under wet contact conditions.

Natural fibers have several advantages over synthetic fibers,
including low density, low cost, high aspect ratio, good specific
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properties, as well as abundant availability and being biodegrad-
able and renewable.®l Among the natural fibers, bamboo has
attracted significant attention, because of its unique properties,
including high stiffness and strength.l2%] Bamboo can be har-
vested in three to four years after plantation and is a sustain-
able source of environmentally friendly biodegradable natural
fiber with acceptable mechanical properties for fiber-reinforced
composite materials, especially for structural and load-bearing
applications.[21-24]

Bamboo is one of the fastest-growing plants, with a growth rate
of up to 100 cm per day.!? This material reveals a pronounced
abundant fibril structure, which is easily observed when a bam-
boo cane is broken. It is a herbaceous timber plant, which is
present on virtually all continents, although there are two areas
of greatest confluence, East/Southeast Asia and the Neotropics.
According to some studies, bamboo grows naturally in ecosys-
tems as a healing agent for ecosystem damage (fires, fallen
trees), spreading rapidly over the free surface due to its ease of
growth.[?]

There are several advantages of using bamboo fabric com-
posites over bamboo fiber composites. Bamboo fabric compos-
ites are more durable than bamboo fiber composites due to the
way they are constructed. Bamboo fabrics are made using bam-
boo leaves and wood shoots with solvents, whereas bamboo fiber
composites are made by bonding bamboo fiber together with a
binder or resin. The woven structure of bamboo fabric compos-
ites makes them stronger and more resistant to tearing, impact
and wear.’] Bamboo fabric composites are also more environ-
mentally friendly than bamboo fiber-based composites because
they use less energy and water during the production process.
Bamboo fabric is made using hydrolytic alkalization and hetero-
geneous bleaching techniques. Additionally, bamboo fabric re-
quires less water to produce than bamboo fiber, which makes it
a more sustainable choice.l?! Finally, in terms of cost, bamboo
fabric composites are generally less expensive to produce than
bamboo fiber composites, making them more accessible and af-
fordable to consumers.!?”] These advantages make bamboo fabric
composites a promising material for various engineering appli-
cations.

Epoxy resin is a thermoset commonly used as the matrix
phase of fiber-reinforced polymer composites.[?® The epoxy resin
shows excellent mechanical properties and chemical and corro-
sion resistance. However, due to its poor crack propagation re-
sistance and low fracture toughness, it should be strengthened
by fillers or fibers.[?] Several papers have already been published
on the manufacturing and mechanical testing of natural fiber-
reinforced epoxy composite, including bamboo fiber-reinforced
epoxy.3036] Most of these studies focused on tailoring the com-
posite material’s mechanical properties; however, to use the bam-
boo fiber-reinforced epoxy composite in load-bearing applica-
tions, characterization of the tribological behavior of the compos-
ite is needed.

There are only a limited number of papers published on the tri-
bological performance of bamboo-reinforced polymers, and none
of them provides a comprehensive overview and characterization
of the wear resistance of this composite material. James et al.l>”]
manufactured hybrid composites of varying stacking sequences
made up of bamboo and jute fibers. Epoxy resin was used as the
matrix and the tribological performance of the developed com-
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posite material was investigated by two-body abrasive wear tests.
They reported the wear rates for different applied loads and slid-
ing speeds; however, coefficient of friction (COF), lubrication,
and wear mechanisms were not investigated.

Alajmi et al.®®] studied the wear resistance of bamboo fiber-
reinforced epoxy composite using a block-on-ring set-up. They
reported the friction coefficients and wear rates under six differ-
ent loads but did not investigate the effect of sliding speed, work-
ing temperature or lubrication on wear resistance. Kumari and
Kumar manufactured orthotic calipers using bamboo-reinforced
epoxy composite and studied their tribological performance us-
ing a block on roller tribometer.l”! The COF and wear rate were
reported for only a single loading condition, and no analyses were
conducted on wear mechanisms or failure modes of the contact
surface.

It can be observed that when it comes to the tribological char-
acterization of the bamboo-reinforced epoxy polymers, there is a
lack of systematic approach and comprehensive results that can
be used for designing this composite material for load-bearing
applications. Therefore, in this study, we focused on manufactur-
ing bamboo fabric-reinforced epoxy composite material and con-
ducted comprehensive tribological experiments to evaluate the
composite material’'s wear resistance and wear mechanisms in
dry and lubricated contact. The coefficient of friction and wear
rates under different working conditions were obtained by lin-
ear reciprocating sliding wear tests, and scanning electron mi-
croscopy analyses were performed to define the wear mecha-
nisms. The results presented in this paper will shed light on
the performance of bamboo fabric-reinforced epoxy composites
for load-bearing applications, where wear resistance, low friction,
and load-carrying capacity are critical design parameters.

2. Experimental Section

2.1. Materials

The fabric used in this investigation was made of 100% bam-
boo fiber in a taffeta weave format supplied by BambroTex
(Jiangsu, China). The fabric was made from the Staphylococcus
aureus strain from uncontaminated regions of China. Bamboo
fibers were obtained from raw materials of bamboo pulp. The
production process involved refining bamboo pulp from bam-
boo through hydrolysis—alkalization and multi-phase bleaching.
Thus, by employing the hydrolysis—alkalization process, it be-
came possible to separate components such as lignin and xy-
lans from bamboo fiber, which had a negative impact on the
tensile strength of bamboo fibers, as previously demonstrated
in the study by Shi et al.??! Subsequently, the refined bamboo
pulp was processed into bamboo fiber. The fibers obtained after
this process were subsequently bundled, stretched and twisted by
the ring-spun spinning process. Finally, the yarn obtained in this
process was used to manufacture a bidirectional fabric, with a
resulting grammage of 205 g m~2, as seen in Figure 1. Table 1
shows the physical properties of the bamboo fibers obtained,
while Table 2 shows those of the bamboo yarn. The variability in
the breaking strength of the thread obtained from refined fiber
in this study (13.42%) was significantly lower than that previ-
ously obtained by other authors with values between 21% and
22% when using unrefined bamboo fiber directly.***!] On the
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Figure 1. The surface of the woven bamboo fabric (left) and the composite material (right).

Table 1. Physical properties of bamboo fiber.

Table 2. Physical properties of bamboo yarn.

Property Value Units Property Value Units
Dry tensile strength 2.33 cN/dtex Yarn numbering Ne40/1

Wet tensile strength 1.37 cN/dtex cv 1.34 % Ne
Dry elongation at break 23.8 % Uster 11.39 U%
Linear density percentage of deviation -1.8 % Thin 12 C50%
Percentage of length deviation -1.8 % Thick 32 +50%
Overlength staple fiber 0.2 % Neps 54

Overcut fiber 6.2 mg 100g~" Hairiness 3.64

Residual sulphur 9.2 mg 100g~" Elongation 12.5 %
Defect 6.4 mg 100g~" oY 12.1 % Elongation
Oil-stained fiber 0 mg 100g™" Tenacity 11.5 cN/tex
Coeficient of dry tenacity variation (CV) 13.42 % Humidity 11.72 %
Oil content 0.17 % Spinning system Ring-spun

Moisture regain 13.03 %

other hand, the breaking strains of the thread used in this study
(23.8%) were significantly higher than that of the thread from di-
rectly sourced bamboo fibers (0.88%), as reported in a previous
study.*!l A Resoltech 1050 epoxy resin was used to manufacture
the test specimens with varying materials to ensure a fair com-
parison between fabrics. This resin, supplied and packaged by
Resinas Castro, Spain, was formulated to cure at room tempera-
ture without needing post-curing. To activate the curing process,
the resin was mixed with a catalyzing agent in a mass ratio of
100:35 (resin: catalyst). Depending on the hardener chosen, geli-
fication times varied from 10 min to 14 h allowed a wide range
of applications.

The hardener chosen was 10568, which provides 58 min. of
gelification time for a thickness of 40 mm. and 235 min. for a
thickness of 2 mm. The 1050 resin has a density of 1.14 kg m—3,
while that of the 1056S catalyst is 1.10 kg m~3. This resin was
chosen to manufacture the laminates because it offers good me-
chanical properties, excellent fatigue resistance and, above all,
excellent properties for impregnation of the reinforcements.*?!
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The data sheet defines a maximum tensile strength of 97 MPa,
an elastic modulus of 3.35 GPa, an elongation of 5% and a hard-
ness of 86 Shore D, all after 14 days.

2.2. Manufacturing Process

To manufacture the specimens, the first step was to prepare the
different samples of fabrics to be infused, to create the plates, and
to group all the materials and tooling to be used. The process be-
gan by unrolling the fabrics and marking the cutting lines, using
a straight steel profile as a guide to form the rectangular areas
of the plate. Then, the fabrics were cut using specific scissors for
cutting industrial technical fabrics. The resin infusion process
started once the mold was cleaned with solvent and the bamboo
fabrics were positioned side by side with different orientations.
This way, obtaining plates of different orientations in a single in-
fusion was possible.

The next step was to place on the material a peelable fabric of a
larger size, 10 mm. perimeter offset. Then the diffusion mesh,
of the same size as the peel ply, was positioned over the peel ply.
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Figure 2. The manufacturing process of composite specimens.

In the center of the diffusion mesh, two infusion sockets were po-
sitioned with a length of helical tubing in each one to facilitate the
entry of the resin into the set. The helical tube was then installed
to absorb the resin from the sides, surrounding the perimeter
of the mesh and outside it the sealing putty. The helicoidal tubes
were coupled with the vacuum ducts of the pump using an LDPE
T-type union, leaving them above the diffusion mesh to facilitate
air extraction and fixing them with a small piece of adhesive tape.
Once everything was in place, it was covered with a vacuum bag
and the extraction ports connected to the pump.

The 1050 epoxy resin with the 1056S catalyst used in the pro-
cess had a gelification time of 58 min., meaning that the man-
ufacturing process must be completed within this timeframe
before the resin polymerization began. To obtain good results,
the manufacturer’s specifications described in the product data
sheet, were to use 35% catalyst by mass.

Once the infusion process was completed (Figure 2), the plates
were left to cure for one day. Subsequently, they were demolded

Macromol. Mater. Eng. 2023, 2300077 2300077 (4 of 11)

www.mame-journal.de

Table 3. Characteristics of the resin, and composite materials.

Characteristics

Resin Resoltech 1050 epoxy, Density of 1.14 kg m~, Maximum
tensile strength of 97 MPa, Elastic modulus of 3.35 GPa,
Elongation of 5%.

48.81% of resin and 51.19% of fiber, with a grammage of
2.404 kg m~2 and a density of 1.265 kg m~3, with 6 layers of
fabric.

Composite

and the excess material was cut off. Once the manufacturing pro-
cess of the plates was completed, they were cut using a circular
saw and the final cut of the specimen geometry using a Computer
Numerical Control (CNC) milling machine. The plates had a per-
centage of 48.81% of resin and 51.19% of fiber, with a grammage
of 2.404 kg m~2 and a density of 1.265 kg m~>, with 6 layers of
taffeta bamboo fabric (Table 3).

2.3. Tensile Tests

Before testing, the physical and geometrical properties of the
specimens were recorded. It was necessary to measure the
width and thickness of each sample with a caliper the width
and thickness of each sample to calculate its effective stress
area. The dimensions of the tested specimens, expressed in
millimeters, are shown in Figure 3. Tests were conducted using
a universal testing machine (IBERTEST, model ELIB-50, Madrid,
Spain).

The test procedure included positioning the specimen be-
tween the grips and applying a pre-stress. Then the test was
started, and the upper jaw began to move to generate a grad-
ual deformation by increasing the distance between the jaws, and
consequently stress in the axial direction. The software recorded
the force and displacement values to plot the stress—strain graphs
based on ISO 527-1 standard. Tensile tests were conducted on fif-
teen specimens, five cut with fiber orientation at 0, five cut at 90°,
and the other five cut at 45°.

2.4. Compression Tests

The compression test measured the resistance of a specimen
against a negative axial force intended to compress the material.
From this test, it was possible to obtain the unit stress—strain di-
agram. Before the compression tests, the specimen dimensions
were measured and were done with the IBER-TEST testing ma-
chine, model ELIB-50. Compression tests were carried out on
four parallelepiped-shaped specimens with a width of 42 mm,
a length of 13 mm, and a thickness of 6 mm.

The test consisted of subjecting the specimen to a gradual de-
formation by decreasing the separation between the two plates
of the test fixture. The plate guiding system restricted the move-
ment in two axes and allowed only the displacement in the central
axis, so only axial compressive stress was exerted on the speci-
men. Each test was terminated when the force dropped on the
specimen occurred.
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Figure 3. Tensile specimen dimensions in mm.
Table 4. Sliding wear conditions. Tensile test
110 - :
Load 20N,30N,40N 100 1
Frequency 2,5, and 8Hz 90 = 1
Temperature 23, 50, 100, and 150 80 Z 1
Contact condition Dry — lubricated with gear oil = 70} J
- i
Sliding stroke 10 mm $ ool i
Sliding distance (cycle) 500 m (thus 50 000 cycles) 0
g 0T bamboo_0_1
0 a0t bamboo_0_2
bamboo_0_3
2.5. Sliding Wear Tests 301 ity e
20t / bamboo_90 1 | |
. . . . 7 7 =y
A linear reciprocating tribometer (Ducom Instruments TR-282) 1o Ad e
was used to conduct the sliding wear experiments. The bamboo bamboo_90_4
fabric composite samples were 40 mm X 20 mm X 5 mm and P ) 5 3 " . p o

were cut in three different directions: 0°, 45°, and 90°. A range
of normally applied loads, sliding frequencies and temperatures
were used for the sliding wear tests, as listed in Table 4. The ex-
periments were conducted in dry and lubricated conditions with
a 10 mm diameter tungsten carbide ball as the counter material
and gear oil used as a lubricant. The tribometer was set for a wear
track (sliding stroke) of 10 mm, and a total sliding distance of
500 m was used for all tests. Before the sliding wear tests, all
samples were kept in a controlled laboratory environment with
a constant temperature of 23 °C and a relative humidity of 55%.
Each test set was repeated at least three times, and the average
values of the COF and wear rates were reported in this paper.

A stylus profilometer (Taylor Hobson Form Talysurf 50) was
used to measure the cross-sectional area of the wear tracks. The
profilometer scanned five sections of each wear track to obtain a
raw profile graph of the worn surface of the sample, which de-
termined the depth and width of the wear scars. Image analysis
software, Image |, was used to calculate the average wear scar
surfaces. The average cross-sectional area was multiplied by the
wear track length (10 mm) to obtain the wear volume. Wear rates
were then calculated using Equation (1).

, mm?
Specific wear rate | ——
pecific wear (N.m)

Average Wear Volume (mm3)
" Applied Load (N) x Wear Distance (m)

1)

To observe the wear mechanisms, the tested samples were ex-
amined under a scanning electron microscope (Hitachi SU-70
field emission SEM). The tested composite samples were not
electrically conductive, so they were coated with platinum using
a Hitachi E-1045 ion sputter coating machine.
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Figure 4. Tensile stress—strain diagram for 0° and 90° bamboo specimens.
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Figure 5. Tensile stress—strain diagram for +£45° bamboo specimens.

3. Results and Discussion

From the tensile tests, it has been possible to generate the stress—
strain graph, as shown in Figures 4 and 5. The stress-elongation
maximum values for 90° and +45° tensile tests can be obtained
from Table 5. Figure 4 shows how all 6 experiments provided sim-
ilar results, one of them reaching 104 MPa of maximum stress. If
we compare the results of the 90° and 45° orientations, the parts
with 90° orientations are stronger but suffer a lower elongation.
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Table 5. Stress-elongation maximum values for 90° and +45° tensile tests.

Bamboo fiber orientation Max stress [MPa] Bamboo fiber orientation [%]

90° 107 6.2
+45° 47 21.8

Compression test

Stress (MPa)
&
(=]

bamboo_cr 1|1
bamboo_cr 2 | 4
bamboo_cr_ 3
bamboo_cr 4
3 bamboo_cr 5 | 1
0 4 ' L 1 1

0 0.5 1 LS 2 25

Strain (%/:m/,lm)

Figure 6. Compression stress—strain diagram for 90° bamboo specimens.

Figure 5 shows a slope change, showing an irreversible plastic
deformation due to the alignment of the fibers when breaking
part of the matrix.

Figure 6 shows the compression test results. The stress-
elongation maximum values for 90° compression tests can be
seen in Table 6. These values are lower than those of the ten-
sile tests. This difference can be attributed to the distinct fail-
ure mechanisms that occur in each test. In compression tests,
bamboo fibers are susceptible to a type of failure known as kink-
ing. Kinking occurs when the fibers buckle and crack along an
axis perpendicular to the fiber’s orientation. This process results
in the fibers breaking under compressive stress, ultimately re-
ducing the material’s overall strength and load-bearing capacity
in compression tests. Conversely, tensile tests subject the fibers
to tensile stress, causing them to elongate and eventually rup-
ture when the stress reaches the material’s tensile strength. This
distinct failure mode allows the fibers to withstand higher stress
values before failing, resulting in greater stress-elongation maxi-
mum values compared to compression tests.

Figure 1 shows the scanning electron microscope (SEM) im-
ages of the woven bamboo fabric and the composite materials,
offering a detailed look into their microstructural characteristics.
The images reveal that the bamboo fibers are woven in an or-
ganized and close-knit pattern, which contributes to the over-
all strength and durability of the fabric. The tight weaving of
the fibers also enhances the material’s resistance to wear. Fur-

Table 6. Stress-elongation maximum values for 90° compression tests.

Bamboo fiber orientation Max stress [MPa] Bamboo fiber orientation [%]

90° 79 2.4

Macromol. Mater. Eng. 2023, 2300077 2300077 (6 of 11)
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Figure 7. Coefficient of friction versus time at different normal loads, 5 Hz
frequency at room temperature and under dry contact conditions tested in
45° direction.

thermore, the SEM images provide insight into the interaction
between the bamboo fibers and the epoxy matrix in the com-
posite material. The epoxy matrix can be seen to encapsulate
and protect the fibers effectively, ensuring that they are well-
embedded within the composite structure. This coverage not only
safeguards the fibers from environmental factors such as mois-
ture and UV radiation but also helps in distributing the load
evenly across the fibers, enhancing the composite’s mechanical
properties. Additionally, the epoxy matrix imparts a smooth and
uniform surface to the composite material, which has numerous
advantages. A uniform surface helps in reducing surface defects
that could otherwise compromise the material’'s performance,
such as stress concentrations or localized weak points.

Figure 7 shows the coefficient of friction versus time curves
for 45° fiber direction bamboo composite samples tested under
different normal loads. A low COF was observed at the beginning
of the test for all samples. As the sliding wear test continues, the
top resin layer wears out and the matrix is damaged. Therefore,
the counter ball will be in direct sliding contact with the bamboo
fibers, resulting in a significant increase in COF. It can be seen
from Figure 6 that as the applied load increases, the time needed
to remove the top resin layer decreases. However, as the contact
between the counter ball and the bamboo fibers is established,
the COF is almost the same value (~0.8) under different ap-
plied normal loads. Similar behavior was observed in sliding
wear tests of bamboo composite samples with 0° and 90° fiber
directions.

As can be seen in Figure 8, a similar trend is observed for sam-
ples tested under different sliding speeds. As the frequency of
the sliding motion increases, the time required to wear away the
top epoxy matrix layer decreases, indicating that higher sliding
speeds accelerate the wear process. As the top layer wears out
and the tungsten carbide ball slides over the bamboo fabric, the
COF increases significantly. This increase can be attributed to
the higher frictional resistance of the bamboo fibers compared
to the smooth epoxy matrix layer. Notably, after the tungsten car-
bide ball establishes direct contact with the bamboo fibers, the
samples exhibit a consistent COF level. This suggests that the
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Figure 8. Coefficient of friction versus time at different frequencies, 30 N
load at room temperature and under dry contact conditions tested in 45°
direction.

frictional properties of the bamboo fibers remain relatively sta-
ble, irrespective of the sliding speed.

Figure 9 shows the SEM images of a sample wear track tested
under 30 N load and 5 Hz frequency. As can be seen from the
left image, the wear track has a 45° orientation from the bamboo
fibers and the sample was tested under dry conditions. Exami-
nation of the SEM images highlights several important features
of the wear track surface. Notably, micro-cracks can be observed
perpendicular to the wear direction, indicating that the compos-
ite material experienced localized stress and damage during the
wear test. Additionally, debris generated from the matrix wear
appears to have been pressed into the surface, resulting in a rela-
tively smooth wear track. This smoother surface may contribute
to the material’s overall wear resistance and frictional properties.

The primary wear mechanism observed in the SEM images
is fatigue wear. Fatigue wear results from the repeated applica-
tion of stress on the composite material during the wear test,
leading to the formation of micro-cracks and eventual material
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Figure 10. Coefficient of friction versus time at different temperatures,
30 N load, 5 Hz frequency tested in 45° direction.

removal. Localized surface deformations on the wear track also
show that adhesive wear is another wear mechanism for this
material. Importantly, these wear mechanisms and tribological
properties were found to be consistent across samples with wear
tracks oriented at 0° and 90° relative to the bamboo fibers. This
consistency suggests that the bamboo composite material ex-
hibits similar wear behavior and resistance to wear-related dam-
age, irrespective of the orientation of the fibers relative to the wear
track. This robustness further supports the potential suitability
of bamboo composites for applications requiring wear resistance
and low friction.

The samples were also tested at different temperatures (up to
175 °C) and the results are presented in Figure 10. The time
needed to remove the top resin layer increases as the temper-
ature increases. At temperatures above 100 °C, the epoxy resin
matrix undergoes a softening process, which alters its mechani-
cal properties and interaction with the embedded bamboo fibers.
The softened resin tends to blend more effectively with the
fibers, resulting in a more cohesive and resilient protective layer.

Figure 9. Wear track of the specimen tested under 30 N load, 5 Hz frequency at room temperature, dry contact condition and in 45° direction.
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Figure 11. Wear track of the specimen tested at different temperatures (125 °C left, 175 °C right), under 30 N load, 5 Hz frequency and in 90° direction.

Consequently, this protective layer remains intact throughout the
duration of the wear test, even under the influence of sliding con-
tact with the counterface. The friction coefficient observed during
the wear tests conducted at temperatures above 100 °C is remark-
ably low, registering values close to 0.1. The low COF indicates
that this composite material is a great choice for load-bearing ap-
plications at elevated temperatures.

Figure 11 shows the SEM images of the wear tracks at higher
temperatures (125 and 175 °C). The presence of wear debris and
micro-cracks on the wear track surface indicates abrasion wear
and fatigue wear occurring during the sliding tests. Wear de-
bris results from the material removal process, where the harder
counterface slides against the composite surface, while micro-
cracks form due to the repeated stress and strain experienced
by the material during the wear process. Additionally, the SEM
images show spalling in certain regions of the wear track sur-
face, which suggests that adhesive wear is another wear mecha-
nism present in the composite material at higher temperatures.
Spalling is characterized by the detachment or flaking of mate-
rial fragments from the surface, often due to the strong adhesive
forces between the contacting surfaces during sliding. The mate-
rial transfer and subsequent bonding can result in the formation
oflocal stress concentrations, which can lead to material removal
as the contact continues. The observation of these wear mecha-
nisms (abrasion, fatigue, and adhesive wear) at elevated temper-
atures highlights the complex material behavior and tribological
properties of the bamboo composite.

The effect of lubrication on the wear resistance of the com-
posite material was also investigated by running sliding wear
tests with gear oil. Figure 12 shows the impact of lubricated con-
tact on COF at different applied loads. It can be seen that un-
der gear oil lubrication, COF is low (between 0.08 and 0.12). As
the normal load increases, the COF increases due to the forma-
tion of a thinner lubricant film at higher applied loads. The re-
sults showed that gear oil lubrication effectively reduces friction
in the bamboo-reinforced composite material. The effect of slid-
ing speed on COF in the lubricated condition is also shown in
Figure 13. It can be observed that at higher sliding speeds, COF
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Figure 12. Coefficient of friction versus time at different normal loads,
5 Hz frequency at room temperature, with gear oil lubrication, tested in
a 45° direction.
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Figure 13. Coefficient of friction versus time at different frequencies, 30 N
load at room temperature, with gear oil lubrication, tested in a 45° direc-
tion.
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Figure 14. Wear track of the specimen tested under 30 N load, 5 Hz frequency at room temperature, with gear oil lubrication, in a 45° direction.
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Figure 15. Wear rates at different normal loads, 5 Hz frequency and room
temperature.

increases. However, in all tested frequencies, COF remains at a
low value below 0.12.

The SEM micrographs in Figure 14 show that in the presence
of a lubricant, the wear experienced by the composite material is
significantly reduced. The lubricant serves to minimize friction
and protect the material from direct contact, leading to a lower
wear rate and minimal material removal. Some distortion of the
epoxy polymer surrounding the bamboo fibers can be observed,
along with tearing in certain areas. This suggests that, although
the lubricant reduces the overall wear rate, some localized ma-
terial deformation and damage still occur during the sliding pro-
cess. However, the amount of wear observed under the lubricated
contact condition is substantially lower than that experienced un-
der dry contact conditions. This finding confirms the effective-
ness of lubrication in improving the wear resistance and tribo-
logical properties of the bamboo composite material.

Wear rates at different normal loads are shown in Figure 15,
for both dry and lubricated conditions. The results are presented
for all three orientations of the bamboo fibers. As the composite
material is made of a 0-90° woven textile (made from bamboo)
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Figure 16. Wear rates at different frequencies, 30 N normal loads and
room temperature.

embedded in an epoxy matrix, the mechanical and tribological
properties in 0-90° directions are the same. It can be seen from
Figure 15 that the wear rate is significantly lower in lubricated
tests. In both dry and lubricated contact conditions, the wear rates
in samples with 45° bamboo reinforcement direction are slightly
higher than the 0-90° directions. This is because the force and
sliding direction are not aligned with the woven threads in the 45°
bamboo reinforcement direction, causing a shear deformation on
the composite. The shear stresses induce the material’s yielding,
increasing the material loss and wear rate.

The effect of sliding speed (frequency) on wear rate is shown
in Figure 16. Again, the composite material manufactured by
45° bamboo fabric orientation has a higher wear rate. In all slid-
ing speeds, lubricated samples showed excellent wear resistance.
Generally, as the frequency increases, the wear rate slightly de-
creases. This could be attributed to the reduction in contact time
between the surfaces as sliding speed increases, leading to less
accumulated wear over a given duration. The effect of test tem-
perature on wear rate is presented in Figure 17. As the temper-
ature increases, the wear rate increases, which is mainly due to
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Figure 18. Wear rates versus time at room temperature, 30 N normal load
and 5 Hz frequency under dry contact conditions.

the softening of the matrix at elevated temperatures. The soft-
ened matrix is more susceptible to deformation and material re-
moval, resulting in an increased wear rate. However, the increase
in wear volume is not remarkable, confirming that the developed
composite material is suitable for high-temperature tribological
applications. The material’s ability to maintain its performance
under elevated temperatures suggests potential use in various ap-
plications, such as automotive and aerospace components, where
temperature-induced wear could be a significant concern.

To investigate the evolution of wear volume and wear rate dur-
ing the tests, we stopped the tests at fixed intervals and measured
the wear volumes, before putting the sample back into the tri-
bometer and continuing the sliding wear test. Figure 18 shows
the wear volume measurements during a test conducted under
30 N normal load and 5 Hz frequency, at room temperature and
dry contact. The results can be seen together in Figure 7. Up to
~1000 s, the increase in wear volume is quite low, corresponding
to the low COF in Figure 6. The wear rate increases significantly
as the COF increases after this time. After 1000 s, the increase
in wear volume is higher for the remainder of the test. Figure 18
shows that the change in wear volume is gradual and almost lin-
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ear during the sliding wear test, indicating the good bond be-
tween the bamboo fabric and the epoxy matrix layers. This strong
interfacial adhesion contributes to the material’s consistent wear
behavior and overall durability, making it a promising candidate
for various tribological applications.

4. Conclusion

This paper presented a detailed experimental approach to char-
acterize the tribological performance of the developed bamboo
fabric-reinforced epoxy composite. The effects of working con-
ditions, that is, applied load, sliding frequency, lubrication and
temperature on wear rate, coefficient of friction, and wear mech-
anisms of the composite material were investigated. Higher
wear rates were observed at higher applied loads and tempera-
tures. Under lubricated contact conditions, the composite mate-
rial showed a low coefficient of friction and very good wear resis-
tance.

The COF curves in dry contact generally showed three stages of
wear. In the first stage, a low COF was observed until the top ma-
trix layer wears out and the counter ball is in direct contact with
the bamboo fabric. In the second stage, we observed a jump in
friction coefficient and the contact stress between the ball and the
bamboo fabric causes excessive wear and the release of bamboo
fiber and epoxy resin wear debris in the contact interface. This
debris further accelerates the wear loss and at the third stage, we
could see the friction coefficients reach a stable level, albeit with
significant fluctuations. At this final stage, the debris completely
covered the wear scars and grooves of the wear track. Different
stages’ duration and starting time depend on the sliding wear
conditions, that is, average load, frequency, and specimen tem-
perature.

Based on SEM observations, generally under nonlubricated
conditions, the sliding wear caused the fabric distortion and even-
tually destroyed the layers of fibers. The damage to the reinforce-
ment phase accelerated the wear deterioration. For lubricated
conditions, the lubricant thin film was effective and reduced the
friction coefficient and protected the top resin layer from being
completely worn off, therefore, very low wear rates were recorded
for lubricated tests.

Based on the results, the composite materials produced by
0-90° bamboo fabric orientations had slightly better wear resis-
tance. This was attributed to the extra shear stress experienced
by the fabric in a 45° orientation. The composite materials
made by 0° and 90° bamboo fabric orientations showed the
same level of wear volume and friction coefficient. Abrasive
wear and fatigue wear were the main wear mechanisms for the
developed composite material tested at room temperature, while
adhesive wear was also detected in the samples tested at elevated
temperatures.
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