. . 4
uninms  Automotive Experiences i
Vol. 7 No. 1 (2024) pp. 111-131 AR =

p-ISSN: 2615-6202  e-ISSN: 2615-6636

Research Paper

Utilization of Bamboo Powder in The Production of Non-Asbestos
Brake Pads: Computational Bibliometric Literature Review Analysis
and Experiments to Support Sustainable Development Goals (SDGs)

Asep Bayu Dani Nandiyanto'd, Aisha Nadhira Syazwany’, Karina Nur Syarafah!, Themy
Sabri Syuhada’, Risti Ragadhita!, Erna Piantari', Muhammad Roil Bilad?, Obie Farobie?
! Universitas Pendidikan Indonesia, JI. Dr. Setiabudhi No. 229, Bandung 40154, Indonesia

2Faculty of Integrated Technologies, Universiti Brunei Darussalam, BE, Gadong, 1410, Brunei Darussalam
3Department of Mechanical and Biosystem Engineering, IPB University, Bogor 16002, Indonesia

U nandiyanto@upi.edu
@ https://doi.org/10.31603/ae.11109

Published by Automotive Laboratory of Universitas Muhammadiyah Magelang

Abstract
Article Info This study aims to develop asbestos-free and environmentally friendly brake pads using apus
Submitted: bamboo powder (Gigantochloa apus). In the experiments, bamboo powder, resin, and catalyst
27/02/2024 were used as the raw materials and varied to ensure the quality of the prepared brake pads.
Revised: To analyze the performance of brake pads, the fabricated brake pads are subjected to
26/04/2024 physicochemical tests (such as microscopic tests and functional group analysis) and
Accepted: mechanical tests (such as puncture tests, compression tests, and friction tests). The research
27/04/2024 results showed that adjusting the composition of the raw materials allowed a change in the
Online first: performance of the brake pad, including porosity, morphological structure, and mechanical
27/04/2024 properties. Indeed, the condition of the low porosity on the inside of the brake pad strategically

optimizes the compression strength of the material, making this design ideal for applications
that require high resistance to compression loads. This study shows the possibility of apus
bamboo powder as an alternative to asbestos in the production of non-asbestos brake pads,
offering a safer and environmentally friendly solution as well as giving ideas for supporting
current issues in the sustainable development goals (SDGs).

Keywords: Apus bamboo powder; Brake pads; Fabrication; Friendly brake pad; Non-asbestos

1. Introduction come into contact with other surfaces. Typically,
these friction materials are usually made from a
mixture of materials such as asbestos fibers, metals,
and binders [19]. However, issues are created when
using asbestos materials. The impact of friction can

Even though advances in automotive research
for propulsion systems have massively developed
from conventional combustion to modern

combustion systems [1], [2], the use of high-quality
and cleaner fuels [3]-[8], control systems [9]-[13] create and release particle waste as a side-effect. The

and electrification [14]-[16], the main braking existence of particle waste containing asbestos poses
a potential hazard in polluting the air, soil, and

water, as well as human health [20]. To mitigate this
negative effect on the environment, many
researchers have been exploring the use of non-
asbestos or organic brake pads [21]-[25].

In recent years, the development of brake pads
with more environmentally friendly materials has

mechanism still relies on the friction system.
Specifically, it encouraged researchers to get the
effective use of conventional brake pads. The use of
this brake pad is to produce frictional force which
can reduce or stop the movement of the vehicle's
wheels due to friction with other parts of the braking
system [17], [18]. In general, brake pads are made of

friction materials, which produce friction when they been a major goal of several studies.

This work is licensed under a Creative Commons Attribution-NonCommercial 4.0
International License.
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Table 1 shows previous studies regarding the use
of environmentally friendly materials as brake pad
fillers such as banana peels [26], palm kernel [27],
[28], periwinkle shell and cow bone [29], hazelnut
shell [30], teak powder and clamshell [31], and cow
dung [32].

Departing from these previous studies, we
demonstrated a method in producing brake pads
using bamboo powder (Gigantochloa apus) as raw
material. In short, the experiments were done by

mixing bamboo with resin with different

© Asep Bayu Dani Nandiyanto et al.

Bamboo powder is one of the potential
materials. It contains protein 4.72% (stem), fat
6.71% (stem), ash 4.05% (stem), 8.51% (stem),
carbohydrate 76% (stem), starch 12.18% (stem),
fiber 59.21% (stem), and antioxidant 29.91 ppm
(stem) [33]. In addition, apus bamboo has good
resistance to compressive and tensile loads. That
makes some structural applications, such as
building frames, support poles, and floors,
suitable for using raw materials from apus
bamboo powder [34].

compositions.
Table 1. Research on fabricating brake pads from organic raw material
Tyl\lj;;frilz?w Supporting Material Results Ref.
Banana peels e Phenolic resin The brake pads show levels of thermal [26]
e Water stability, hardness, and wear levels that can
compete with asbestos-based brake pads
Palm kernel shell e Phenolic resin The smaller the PKS particle size, the better [27]
(PKS) o Steel fiber the resulting brake pads
¢ Silicon carbide
¢ Graphite
Palm kernel shell e Steel slag This research developed a high-quality, eco- [28]
(PKS) e Silica sand friendly palm kernel shell particle composite
e Carbon black for automotive brake pad production, with
e Phenolic resin the best performance achieved at 100 m
sieved grade.
Periwinkle shell e Phenolic resin Periwinkle shell and treated cow bone filler [29]
and cow bone ¢ Aluminium oxide in motor vehicle brake pads improve
e Copper oxide hardness strength, but abrasion resistance
e Zinc oxide decreases with higher filler loading, impact
e Graphite strength decreases, and water absorption
increases.
Hazelnut shell Steel fiber, rock wool, kevlar The hardness values the samples were [30]
and boron oxide pulp, graphite, phenolic resin, similar and higher than those of the
(B20s) vermiculite, brass, calcium commercial brake pads. The most important
hydroxide, zirconium silicate, factor affecting hardness resulted from
metal sulfide, iron oxide, rubber  replacing the powder materials contained in
scrap, barites, rubber, petroleum  the pad composition with hazelnut and B,O;
coke, chalcopyrite, mica, and
silica
Teak powder and  Epoxy resin Experimental results show that brake pads [31]
clamshell made of teak sawdust indicate the strength
of the brake pads. Brake pads that contain no
teak sawdust or only clamshell do not
provide balance for testing because they
produce brake pads that are too soft to
withstand mechanical testing.
Cow dung Epoxy resin, calcium hydroxide, =~ Cow dung particles reinforced with 15% [32]
calcium carbonate, graphite, epoxy resin show promising results in
molybdenum disulfide, microhardness, tensile strength, stable
magnesium oxide, calcium coefficient of friction, and low wear, offering
oxide, aluminum oxide, and a low-cost, eco-friendly alternative to
silicon carbide carcinogenic asbestos/copper in brake pads.
Automotive Experiences 112


http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index

© Asep Bayu Dani Nandiyanto et al.

To support the analysis, we also added Previous studies on bibliometric analysis are
computational bibliometric analysis. Bibliometric
analysis is one of the effective methods to
understand the current research trend [35]-[38].

shown in Table 2. Detailed information regarding
how to use bibliometric is shown elsewhere [39].

Table 2. Previous studies on bibliometric analysis

No Author Title Ref.
1  Solihah et al. Prototype of greenhouse effect for improving problem-solving skills in [40]
science, technology, engineering, and mathematics (STEM)-education for
sustainable development (ESD): Literature review, bibliometric, and
experiment.
2  Yangetal. Spatial visualization ability assessment for analyzing differences and [41]
exploring influencing factors: Literature review with bibliometrics and
experiment.
3  Angraini et al. Augmented reality for cultivating computational thinking skills in [42]
mathematics completed with literature review, bibliometrics, and
experiments for students.
4  Imaniyati et al. Neuroscience intervention for implementing digital transformation and [43]
organizational health completed with literature review, bibliometrics, and
experiments.
5 Amidaetal Phylogenetic analysis of Bengkulu citrus based on DNA sequencing [44]
enhanced chemistry students' system thinking skills: Literature review with
bibliometrics and experiments.
6  Kadiretal The ship’s propeller rotation threshold for coral reef ecosystems based on [45]
sediment rate indicators: Literature review with bibliometric analysis and
experiments.
7 Ramadhan et al. The ship’s propeller rotation threshold for coral reef ecosystems based on [46]
sediment rate indicators: Literature review with bibliometric analysis and
experiments.
8  Shidigetal. Bibliometric analysis of nano metal-organic frameworks synthesis researchin  [47]
medical science using VOSviewer.
9 Lizamaetal Use of blockchain technology for the exchange and secure transmission of [48]
medical images in the cloud: Systematic review with bibliometric analysis.
10 AlHusaenietal.  Chatbot artificial intelligence as educational tools in science and engineering  [49]
education: A literature review and bibliometric mapping analysis with its
advantages and disadvantages.
11 Al Husaeni et al. How technology can change educational research? Definition, factors for [50]
improving quality of education and computational bibliometric analysis.
12 Laitaetal. Effects of sustained deficit irrigation on vegetative growth and yield of plum  [51]
trees under the semi-arid conditions: Experiments and review with
bibliometric analysis.
13 Al Husaeni and How to calculate bibliometric using VOSviewer with Publish or Perish (using  [52]
Al Husaeni Scopus data): Science education keywords.

14  Zafrullah and The use of mobile learning in schools as a learning media: Bibliometric [53]
Ramadhani analysis.

15 Al Husaeni and Literature review and bibliometric mapping analysis: Philosophy of science [54]
Munir and technology education.

16 Pramanik and Strengthening the role of local community in developing countries through [55]
Rahmanita community-based tourism from education perspective: Bibliometric analysis.

17 Rasuman et al. Trends and networks in education for sustainable development (ESD): A [56]
bibliometric analysis using vosviewer.

18 Wirzal and Putra ~ What is the correlation between chemical engineering and special needs [57]
education from the perspective of bibliometric analysis using VOSviewer
indexed by google scholar?.

19 AlHusaenietal.  Bibliometric analysis of special needs education keyword using VOSviewer [58]
indexed by google scholar.
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No Author Title Ref.
20 Al Husaeni Bibliometric analysis of briquette research trends during the covid-19 [59]
pandemic.
21  Ruzmetov and Past, current and future trends of salicylic acid and its derivatives: A [60]
Ibragimov bibliometric review of papers from the Scopus database published from 2000
to 2021.
22 Sudarjat Computing bibliometric analysis with mapping visualization using [61]
vosviewer on “pharmacy” and “special needs” research data in 2017-2021.
23 Al Husaeni and Digital transformation in special needs education: Computational [62]
Wahyudin bibliometrics.
24 Al Husaeni Bibliometric analysis of research development in sports science with [63]
vosviewer
25 Firdausetal. Nutritional research mapping for endurance sports: A bibliometric analysis. [64]
26 Al Husaeni and Computational bibliometric analysis of research on science and Islam with [65]
Al Husaeni VOSviewer: Scopus database in 2012 to 2022.
27 Chano et al. Correlation between meditation and Buddhism: Bibliometric analysis. [66]
28 Chano et al. Correlation between meditation and religion: Bibliometric analysis. [67]
29 Nurrahma et al. A bibliometric analysis of seed priming: global research advances. [68]

Although many reports regarding the use of
non-asbestos brake pads, it still has weaknesses.
The novelty of this study lies in its innovative and
sustainable approach to brake pad fabrication,
which promises environmental, health, and
economic benefits, and paves the way for more
research and development in sustainable
engineering materials. Through this research,
fabricating non-asbestos brake pads from apus
bamboo is expected to provide optimal results;
thereby, it can be used as an alternative to
environmentally friendly non-asbestos brake

N
Start 7,

pads with similar capabilities as asbestos brake
pads. This study also offered a safer and
environmentally friendly solution as well as
giving ideas for supporting current issues in the
sustainable development goals (SDGs). Indeed,
the SDGs have been one of the hottest issues [69]—
[78].

2. Methods

Figure 1 and Figure 2 show the general and
specific flowchart of the experimental procedure.

Prepare all Make the brake Mechanical test
materials pads

/‘ = N ) Discussion and
\ End /4—+ Conclusion result ’

Figure 1. General flowchart of the research procedure

e . Prepare all materials
/‘

C st )—»(bamboo powder and
S == resin

Mixing with resin Stir until well
and catalyst mixed

Wait until the brake Pour into silicon
Dry the brake pad }1— pad dries H mold

no

ves | Remove from the L End TN
mold N -

Figure 2. Specific flowchart for the experimental procedure for the production of the brake pad
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2.1. Materials

In this study, (Bisphenol  A-
Epichlorohydrin), catalyst (Cycloaliphatic amine),
and apus bamboo powder (Gigantochloa apus)
were the main ingredients in fabricating organic

resin

brake pads. This type of resin is used as the main
binder in the brake pad fabricating. By using
epoxy resin, it was possible to produce brake pads
that are more resistant to heat and friction, thereby
improving the performance and service life of
brake pads. The use of epoxy resin also allows for
lighter brake pad formulations, reducing the load
on the vehicle and improving fuel efficiency. This
catalyst was used to initiate the polymerization
reaction of epoxy resin. Cycloaliphatic amines are
generally more environmentally friendly than
conventional catalysts containing heavy aliphatic
amines or heavy metals. The use of these
environmentally friendly catalysts helps to reduce
the negative impact on the environment by
reducing the emission of harmful substances
during the brake pad production process.

2.2. Brake Pads Production

Here, brake pads were fabricated by mixing
various raw material compositions such as
bamboo apus, Bisphenol A-Epichlorohydrin, and
Cycloaliphatic amine. After all the ingredients
were mixed in a plastic glass, the ingredients were
homogenized until a pasta was formed. After the
pasta dough was formed, the pasta dough was
transferred to a cube-shaped mold (size 1 x 1 x 1
cm) and then dried at room temperature without
exposure to sunlight for 1 week. The main
material to replace asbestos in this research is apus
bamboo powder. Variations in the composition of
the materials are shown in Table 3. After the brake
pads fabricated,
physicochemical tests and mechanical tests were

were successfully
carried out respectively to analyze the success of
brake pads
performance of the brake pads.

fabrication and analyze the

© Asep Bayu Dani Nandiyanto et al.

2.3. Physicochemical Characterization
Physicochemical tests were carried out to
confirm the success of the fabricated brake pads.
Physicochemical tests were carried out by
analyzing the morphology and surface of the
brake pads using a digital microscope, analyzing
the specific gravity of the sample, and analyzing
the sample's functional groups using a Fourier
Spectroscopy  (FTIR)
instrument. Density is a term used in physics and
materials science to measure how dense or heavy

Transform  Infrared

a substance is in a given volume. In simple terms,
density describes how much matter there is in
space. Density is expressed in units of mass per
volume, such as grams per cubic centimeter
(g/cm?) or kilograms per cubic meter (kg/m3),
depending on the system of units used. The
specific gravity calculated in this study is by
dividing the unit weight of the brake pad material
by the volume of the brake pad material.

2.4. Mechanical Properties Test

The mechanical properties of brake pads-based
apus bamboo powder were determined through a
puncture strength test and a compressive strength
test. In the puncture test, the instrument used to
perform the puncture test is the Shore Durometer
Testing Stand (Serial no. 13031709001). Puncture
tests (penetration tests) in the context of
mechanical tests are generally used to assess the
resistance of materials to deformation or damage
due to pressure applied via a puncture tool or
penetrator. This process is important in evaluating
properties such as hardness, penetration strength,
and resistance to penetration of various types of
materials, including polymers, rubber, and
composite materials. The puncture test was
carried out by placing the sample in the sample
holder of the test equipment. Then, a load or force
was applied through the penetrator to several
sample points. Furthermore, the penetration
force was recorded during the test. Furthermore,

Table 3. Composition of raw material (in mass) in the brake pad fabrication

Group Sample Mass (g) Ratio of Apus Bamboo
Code Apus Bamboo Powder Resin Hardener = Powder : Resin : Hardener
1A 1 2 2 1:2:2
1 1B 1 4 4 1:4:4
1C 1 6 6 1:6:6
’ 2A 3 2 2 3:2:2
2B 3 4 4 3:4:4
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compression testing is a testing process that
evaluates the behavior and properties of materials
when subjected to compressive loads until the
material fails or is damaged. To perform the
compression test using a Screw Test Stand (Model:
ALX-]) Newton magnitude. The
compressive strength test produces a curve from

with a

the maximum point to the compressive stress-
strain curve. The compression test was carried out
by placing the sample in the sample holder on the
testing machine. Then, the force was applied
gradually to the sample until the sample failed or
reached the specified deformation limit. Data
about the applied load and displacement or
deformation of the sample are recorded during
the test. The next mechanical test is the friction
test. The friction test on the brake pad-based apus
bamboo was carried out to determine the wear
rate and the value of the coefficient of friction by
sanding on one side of the brake pad for one
minute for 10 repetitions. The mass of the brake
pad before and after sanding was recorded every
minute. The wear rate can be calculated through

Eq. (1).

— (Ma Mb) (1)
txA

where M is the wear rate, M. is the initial mass of

the brake pad, Ms is the final mass of the brake

pad, t is the time (s), and A is the friction cross-

sectional area (mm?)

M

200

150

100

50

Number of publication

2018

2019 2020
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The coefficient of friction (u) is the ratio of the
frictional force (f; Newtons) to the applied force
obtained through Eq. (2).

== 2
=y (2)
3. Results and Discussion
3.1. Brake Pads Study Analysis using
Bibliometric Analysis

In a search using the keyword "resin based
brake pad" in the Publish or Perish software by
filtering by publication name "journal," the
number of publications indexed by Google
Scholar was found in the last 5 years (2018-2023).
By using VOSviewer software, it is possible to
map publication trends regarding resin-based
brake pads over the last 5 years, thus we can see
whether there has been an increase or decrease in
the number of publications from year to year and
identify focus points in the research.

Based on Figure 3, there were 64 scientific
articles conducting research on resin-based brake
pads in 2018. In 2019, there were an additional 82
scientific articles. This number decreased slightly
in 2020 to 77 scientific articles. In the following 2
years, that are 2021 and 2022, there was a
significant addition, namely 122 scientific articles
in 2021 and 184 scientific articles in 2022. Finally,
in 2023, when this report was made in August
2023, there were already 166 scientific articles
discussing resin-based brake pads.

2021 2022 2023

Year

Figure 3. Number of publications regarding resin based brake pads
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Based on the results of this analysis, it can be
concluded that there is a trend of increasing
research on resin-based brake pads from 2018 to
2023. Although this figure had slightly dropped in
2020, this proves that research on resin-based
brake pads began to become popular in 2018 until
now. The difference between the articles is usually
found in the main materials used.

From the search and mapping results using
VOSviewer, 8 groups were generated which were
depicted in the form of circles with different
colors. The size of each circle depends on how
often the term occurs. The more often the term
appears in scientific journals, the larger the circle
size will be.

With the keyword "resin based brake pad", a
cluster network visualization of each research
topic area is obtained as shown in Figure 4.

3.2. Physicochemical Characterization of Brake
Pads

Figure 5a shows an image of the results of a

microscopy test of bamboo powder particles with

© Asep Bayu Dani Nandiyanto et al.

a scale of 1 mm. After the microscopy test, we
carried out a Ferret analysis to determine the
particle size distribution of the bamboo powder.
Detailed information for the use of Ferret analysis
is explained elsewhere [79]. The results of Ferret
analysis show that the particle size of apus
bamboo powder ranges from 53-500 pm, as shown
in Figure 5a.

The physical appearance of bamboo-based
brake pads with various variations can be seen in
Figure 6. Figure 6a-Figure 6c is bamboo apus-based
brake pads with a composition of 1:2:2; 1:4:4; and
1:6:6, respectively. Meanwhile, Figure 6d-Figure 6e
is a bamboo apus-based brake pad with a
composition of 3:2:2; 3:4:4; and 3:6:6, respectively.
Based on Figure 6a-Figure 6e, brake pads made of
resin and bamboo powder have a shiny brown
color with different textures for each variation.
Figure 6a-Figure 6¢, and Figure 6e Iso show that the
flash of color from the resin indicates the better the
resin mixture coats the bamboo pulp particles due
to the correct proportion of reinforcement and
matrix. However, Figure 6d does not show that the

reinforcement component

brake pad performance

comparison > Ve
rale 1
pregsure 98¢ prakegining SRy SV
» b il
brake gystem integface - vehicle compenent

: \ D ition @ is
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Figure 4. Network visualization of resin-based brake pad keyword
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Figure 5. Physical image of apus bamboo particles (a) and ferret analysis of apus bamboo particle size (b)
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Figure 6. The physical image of apus bamboo-based brake pad. Figures (a), (b), (c), (d), and (e) are the microscope
images of samples prepared using a specific ratio. The ratio is attached in the image as explained in Table 3.

resin covers the apus bamboo particles better (it
does not show a shiny color) because perhaps the
proportion of apus bamboo is not suitable. Good
coverage can be defined as a homogeneous
distribution of reinforcement in the resin matrix,
which ensures that the desired properties of the
composite, such as strength, stiffness, and
environmental resistance, are maximally achieved
[80], [81].

Table 4 shows the inner and outer surfaces of
the brake pads. The inner and outer surface of
brake pads shows that all fabricated brake pads
have uneven surfaces and pores. Based on Table 4,
the brake pad sample with a composition of 1:2:2
shows a smooth outer surface (figure (a) in Table
4). Meanwhile, the inner surface consists of several

pores which indicate a less homogeneous
distribution of reinforcing material in the matrix
(figure (b) in Table 4). A brake pad with a
composition of 1:4:4 shows a porous outer and
inner surface, which means that there is an
inhomogeneous distribution of filler material in
the matrix (figures (d) and (e) in Table 4).
However, a brake pad with a composition of 1:4:4
has relatively fewer pores than other brake pads
samples. A brake pad with a composition of 1:6:6
shows the presence of air spaces on the outside
and pores on the inside (figures (g) and (h) in
Table 4). Air spaces on the outer surface of these
composites can be advantageous for certain
applications (e.g. reduced weight) [82]. However,
this does not directly increase the strength or
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Table 4. Research on fabricating brake pads from organic raw material

Sample Outer Surface Inner Surface After Friction
1A I S \VVC

L

1B

1C

2A

2B

R2

R4
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Outer Surface

stiffness of the material. The brake pad sample in
the paneled Figures j-1 in Table 4 (brake pad with
composition 3:2:2) showed that the filler particles
were not covered by the resin, which was
indicated by a rough and uneven physical
condition due to the filler particles protruding
from the resin matrix. Filler particles that are not
properly wetted by the resin will not bond well in
the matrix, which reduces the load transfer
capability between the filler and the matrix [83].
This causes a decrease in the mechanical strength
of the composite, such as tensile strength, flexural
strength, and elastic modulus [84]. Furthermore,
the m-o brake pad sample in Table 4 (brake pad
with a composition of 3:4:4) has relatively larger
pores than the other samples. In this context, pores
can cause voids or pores in the composite,
increasing the porosity of the material. This high
porosity can reduce the density of the material
and affect its mechanical properties, such as
reducing strength and modulus of elasticity [85],
[86]. Then, adhesion between the filler particles
and the resin matrix can become weak if the
particles are not covered properly. This can cause
delamination, where layers of material begin to
separate, and can reduce the material's ability to
transfer loads effectively [87]. Meanwhile, a rough
surface due to filler particles protruding from the
matrix also indicates an imperfect structure
because these protruding filler particles can cause
wear on the brake pad and ultimately affect brake
pad performance negatively [88]. Based on Table
4, the brake pad sample that has better potential in
terms of mechanical properties is the brake pad
with a composition of 1:4:4 (brake pad sample 1B).
This 1B brake pad sample has a design that
maintains low porosity on the inside which can
maintain good structural integrity. The denser
inner part supports the overall mechanical
strength of the brake pad, ensuring that the brake
pad remains intact and functions -effectively
despite surface abrasion.

After Friction

Figure 7 shows the FTIR analysis. Detailed
information for the interpretation of FTIR is
explained elsewhere [89]-[91]. FTIR analysis was
used to determine the functional groups
contained in apus bamboo powder brake pads
with variations 1B (1:2:2; 1:4:4; and 1:6:6) and 2B
(3:2:2 and 3:4:4), and the analysis was compared
with the literature [26]. Based on Figure 7, brake
pads of variations 1B (1:2:2; 1:4:4; and 1:6:6) and 2B
(3:2:2 and 3:4:4) have a very similar spectrum. This
can happen because the brake pad on each
specimen has the same mixture of fillers, namely
apus bamboo powder. According to Figure 7, it has
been determined that brake pad samples made
with apus bamboo powder contain amine groups
(N-H) at the absorbance of 3416.05 cm?® and
3425.69 cm!. The content of amines, and not
amides, is strengthened by the recording of
absorbance in the region of 1240.27 cm™ and
1242.2 cm'. The reason for this is that amines are
composed of C, H, and N atoms, whereas amides
are made up of C, H, and O atoms. Absorbance
with strong intensity is found in the regions of
2918.4-2920.32 cm! and 1481.38-1483.31 cm
indicating the presence of alkane functional
groups (C-H). Furthermore, it is a well-established
fact that brake pads made from apus bamboo
powder contain alkene groups (C=C) that are
located at 1612.54 cm™ and have a high intensity
[31].

Based on the data in Figure 8, brake pads
containing apus bamboo powder have a specific
gravity range of 0.263-0.268 g/cm?. This means
that brake pads made from apus bamboo powder
composite have a lower specific gravity compared
to commercial brake pads with a specific gravity
of 1.890 g/cm?. Due to its lower density, using
apus bamboo powder as a composite material for
brake pads can produce lighter products. Here,
brake pads with relatively higher filler and matrix
compositions and brake pads with lower filler
and matrix compositions have relatively the same
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Representative of group 1
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Figure 7. FTIR peaks as representative of fabricated brake pad with composition variation 1:2:2 (a) and
composition variation 3:2:2 (b)
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Figure 8. Specific density of fabricated brake pad
sample with composition variation 1:2:2 (a) and
composition variation 3:2:2 (b).

specific gravity values. If a brake pad with more
apus bamboo filler composition and a brake pad
with less apus bamboo filler composition have
relatively the same specific gravity value, this
could happen because several factors interact with
each other and balance the effect of the difference
in composition. Here are some potential
explanations for this phenomenon [92], [93]:
(i) Fiber distribution and orientation
Even though the amount of bamboo filler is
different, the way the bamboo fibers are
distributed and oriented in the resin matrix
can influence the overall density of the
composite. If the bamboo fibers are more
homogeneously distributed and have an

voids due to a less-than-optimal kneading or
drying process can have a density similar to
a composite with less bamboo but produced
with a process that produces very few voids.
Property compensation

In some cases, the proportions of bamboo
filler and resin may be adjusted to achieve
certain properties other than density, such as
mechanical stiffness, or
environmental resistance. This can result in

(iii)

strength,

adjustments in the composite formulation
which indirectly results in similar specific
gravity values between composites with
different compositions.

3.3. Mechanical Characterization of Brake Pads

The mechanical properties of the brake pad
were determined through three tests, namely the
compressive strength test, puncture strength test,
and friction wear test. Figure 9a and Figure 9b are
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the result of the compressive test that has been
carried out and the detailed value of the
compressive test result, respectively. Based on the
test results in Figure 9a and Figure 9b, the brake pad
sample that shows the best compression strength
is brake pad sample 1B with a composition of
1:4:4. This is because the structure of the 1B brake
pad sample has a design that maintains low
porosity on the inside due to several reasons,
including:
(i) Efficient load distribution
Low porosity in a composite material
indicates that the material has fewer air
voids. This is important because a dense
material without voids can distribute the
compression load more efficiently and
evenly throughout the structure. When
compression loads are applied, materials
with higher density and low porosity can
resist deformation better than materials with
many voids, which tend to experience stress
concentrations around those voids.
(if) Structural integrity
Composite materials with low porosity on
the inside have better structural integrity.
This is because the higher material density
provides better structural support, allowing
the material to withstand internal loads or
stresses without suffering structural damage
such as cracks or delamination, which can
occur in materials with high porosity.
(iii) Reinforcement side effect
In some composites, a dense and even
distribution of reinforcement in a low-
porosity matrix can maximize the
reinforcement effect. This is because the
interaction between the matrix and the
reinforcement becomes more effective under
compression conditions, with little or no
interference from voids or air cavities.

© Asep Bayu Dani Nandiyanto et al.

The puncture test conducted to
corroborate the data from the compression test
results which can be seen in Table 5. According to
Nandiyanto, et al. [31], the puncture test value is
inversely proportional to the compressive test

value. The greater the compressive test value, the

was

smaller the puncture test value, and vice versa.
Specimen 1B is the strongest brake pad compared
to the other five brake pad samples as evidenced
by the compressive test results and the third
strongest in the puncture test. In addition, the
pores seen in this sample are smaller and
relatively few, thus increasing the strength of the
brake pad. The brake pad is not good if it has
pores that tend to be more and vice versa, a brake
pad with relatively few pores makes better brake
pad performance.

Figure 10 shows the performance of the change
in brake pad mass after rubbing with sandpaper.
The friction of the brake pad and sandpaper
produces debris that reduces the initial mass of
the brake pad. The reduced mass of the brake pad
is influenced by the composition ratio of bamboo
powder and resin used in each sample. Figure 10
shows the performance of the change in brake pad
mass after rubbing with sandpaper. The friction of
the brake pad and sandpaper produces debris that
can reduce the initial mass of the brake pad. Table
6 shows the mass loss rate, wear rate, and friction
coefficient after normalization. The brake pad
variation with the highest mass loss rate is 100%
in variation 2A (with the composition of 3:2:2)
while the lowest mass loss rate is only 6.6% in
sample 2B (with composition of 3:4:4) which has
wear rates of 2.98 and 0.48, respectively. This
corresponds to the fact that the sample with 100%
wear (sample 2A) has a high wear rate due to
inhomogeneous integrity as the
reinforcing material is not covered by the matrix
(as shown in Table 4).

structural

Table 5. Puncture strength test result

Sample Durometer Shore Brake Pad Hardness Scale
1A 77.3
1B 77.7
1C 83.3
2A 77.5
2B 86.2
R2 65.8
R4 96.8
R6 97.0
Commerecial 88.5
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Figure 10. Change in brake pad mass during friction test
Table 6. Mass loss rate, wear rate, and friction coefficient of the specimen with different compositions
Sample Initial Final Mass Loss t(s) A Wear Rate Friction Coefficient
P Mass (g) Mass (g) Rate (%) (mm?) (g/s.mm?) After Normalization
1A 6.7 4.2 37.3 600 576 2.40 1.2
1B 8.1 7.5 7 600 576 0.58 15
1C 8.5 7.6 10 600 576 0.87 1.5
2A 3.1 0 100 240 576 2.98 1.2
2B 5.2 4.7 9,6 600 576 0.48 0.9
R2 4 1.8 55 600 576 2.11 7.2
R4 7.4 6.3 14 600 576 1.06 1.3
R6 9 6.9 23 600 576 2.01 1.6

Automotive Experiences

123


http://journal.ummgl.ac.id/index.php/AutomotiveExperiences/index

Fillers that are not fully covered by the matrix
tend to have weaker adhesion with the matrix.
Strong adhesion between the filler and the matrix
is key to ensure effective load transfer and prevent
crack initiation or separation. When fillers are not
fully covered, crack initiation points can form
more easily, which increases wear as the cracks
facilitate material separation [94]. In addition,
fillers that are directly exposed to the surface or
that are not completely covered by the matrix are
more susceptible to direct abrasion. Under friction
conditions, exposed filler particles can easily
erode or detach from the matrix, increasing the
rate of mass loss and wear. Fillers that are well
covered by the matrix are protected from direct
contact with abrasion agents or the friction
surface, thereby reducing wear [95].

A high mass loss rate can also indicate not only
abrasive but also adhesive wear, where material
actually "sticks" and then detaches from one
surface to another. This often occurs under high
friction conditions and can cause significant wear
due to the transfer of material from one
component to another or the loss of material to the
environment [96]. Overall, a high mass loss rate is
a clear indicator of a high wear rate, indicating
that the material is experiencing significant
damage or degradation under certain operating or
test conditions.

The brake pad sample that has the lowest wear
rate of the brake pad group 1 (1A-1C) is brake pad
1B (composition 1:4:4) because it has a lower wear
rate than samples 1A (composition 1:2:2) and 1C
(composition 1:6:6). It has also been explained
previously that the 1B brake pad sample has good
physical properties. In addition, from the testing
aspects of the compressive test and puncture test,
brake pad sample 1B is better than others.
Therefore, the results of this friction test are
consistent with the results of the previously
conducted mechanical tests that samples with
good mechanical strength often show low wear
rates because materials with high mechanical
strength have better resistance to plastic or elastic
deformation under load [97]. This means that the
material can withstand load or stress without
undergoing significant deformation, which can
reduce the risk of wear due to friction or contact
with other materials.

Good mechanical strength also means that the
material has a higher resistance to crack initiation

© Asep Bayu Dani Nandiyanto et al.

and propagation. Cracks are often a precursor to
wear because they facilitate the separation of
material from the surface. Stronger materials tend
to have higher crack energies, which means they
require more energy to form and expand cracks.
In addition, good mechanical strength often
reflects strong adhesion between the matrix and
the filler or between the fiber and the matrix. This
strong adhesion reduces the possibility of
separation or delamination under load, which can
significantly reduce wear [98]. Since this brake
pad sample 1B has a low wear rate, it is
appropriate that the brake pad sample 1B has a
high coefficient of friction value. The high
coefficient of friction indicates that the brake pad
has a good ability to generate the friction force
required for effective braking, reduce the braking
distance, and ensure better vehicle control during
the braking process.

4. Conclusion

The results of this study show that the brake
pad sample 1B (with a composition of 1:4:4) has
good physical and mechanical characteristics. The
results show that the physical characteristics of
sample 1B exhibit a porous outer surface but low
pores on the inner surface which has implications
for efficient load distribution, structural integrity,
and side reinforcement effects. These good
physical characteristics imply good mechanical
characteristics as well (indicated by good
compression test and puncture test values, as well
as high friction test values). Based on the
compression test, brake pad sample 1B has a
compression value of 564.2 MPa. Then, the
puncture test also showed a small value for brake
pad sample 1B, which indicates that better brake
pad sample 1B resists puncture. Furthermore,
brake pad sample 1B has a low wear rate of 0.58
and a high coefficient of friction of 1.5.

This paper demonstrated a development in
asbestos-free and environmentally friendly brake
pads prepared from apus bamboo powder
(Gigantochloa apus). The mixed bamboo powder,
resin, and catalyst resulted in excellent
performance. Adjusting the composition of the
raw materials allowed a change in the
performance of the brake pad. This study shows
the possibility of apus bamboo powder as an
alternative to asbestos in the production of non-
asbestos brake pads, offering a safer and
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environmentally friendly solution as well as
giving ideas for supporting current issues in the
sustainable development goals (SDGs).
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