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Abstract: The environment is a very important topic today
as well as in the future. One source of air pollution that has
the potential to harm health is the wear particles released
by vehicle braking systems. If these wear particles come
from hazardous materials, they could destroy human health
and the environment. Based on these conditions, exploring
more environmentally friendly materials to substitute
hazardous materials as friction materials is necessary. In
this study, brake linings were prepared from bamboo fiber
and eggshell (ES) particles with various pre-treatment con-
ditions. The composition of the material frictions consisted
of phenolic resin, bamboo fiber, bamboo particles, ES parti-
cles, zinc, alumina, and graphite in the following: 35% phe-
nolic resin, 10% graphite, 10% bamboo fiber, 10% alumina
powder, 5% zinc powder, and 30% bamboo particles and
ESs. This study focused on observing the mechanical and
tribological behavior of friction materials when using ES
particles as fillers. There are three stages to manufacturing
friction material: a cold press, a hot press, and heat treatment.
The optimization of the characteristics of ESs as organic brake
linings was carried out using the Taguchi method and ana-
lyzed using data envelopment analysis-based ranking (DEAR).
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An interesting finding from this study was that when ES
particles were calcined at 900°C for 120 min, the ES particle
size was 200 mesh, and the ES volume fraction at 25% resulted
in the most optimal brake lining performance. Calcination
at 900°C for 120 min completely changed the CaCO; phase
to CaO. This study also shows that calcined ES particles
have the potential to be developed as friction materials for
environmentally friendly two-wheeled vehicles in the future.
The produced brake linings exhibited hardness, a coefficient
of friction, and specific wear rates of 92.82 HR, 0.32, and
443 x 10~ mm>N"m, respectively.
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1 Introduction

Environmental issues are crucial today and will remain in
the future. Rapid urbanization, the increasing tourism
industry, and the slow adoption of vehicles with renewable
energy are causing air pollution, which is harming health
and the environment [1]. Transportation is one sector that
contributes to the formation of vehicle pollutants, GHG emis-
sions, and anthropogenic heat. One of the efforts to reduce
the negative impact of the transportation sector is to control
the number of vehicles. If vehicles continue to increase, the
vehicular anthropogenic heat should increase in 50% and
impact thermal comfort and urban heat island circulation [2].

Under heavy braking from 175 to 100 kmh ™, (8.4-38) x 10*
particles can be produced every 2.5-11.5000km [3]. Using
FEA simulations, Riva et al. [4] reported that rotor wears
in the braking system are estimated to be relatively high.
Meanwhile, PM10 emissions still show a standard devia-
tion value of the measured emissions. Temperature and
friction significantly affect the number of emissions. The
particle coefficient of friction for the excellent fraction
increases with increasing temperature, while the coarse
and fine fractions are affected by the shear speed.
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The specific particle coefficient increases when the con-
tact pressure decreases [5].

To date, asbestos continues to be a problem in the
world, especially in developing countries where the prohibi-
tion of using and managing asbestos has not been employed
[6]. Countries that are not serious against the use of asbestos
are expected to show increased diseases due to asbestos
exposure over the coming decades [7]. Several studies
have shown the adverse effects of asbestos use on health
and the environment [8].

Copper has begun to be limited in its use in brake
linings. It is alleged to harm health and the environment.
Based on Senate Bill No. 346, starting January 1, 2021, it has
been stated that brake linings with a copper content of
more than 5wt% are banned in the states of America.
Moreover, from January 1, 2025, the copper content in
brake linings should not exceed 0.5 wt% [9]. The presence
of Cu in brake linings serves to increase thermal conduc-
tivity. In the future, a copper replacement material must be
sought.

Copper and asbestos are hazardous materials to human
health and the environment, and yet they are still commonly
found as brake lining materials. The wear debris generated
from this braking system can escape into the air and be
inhaled by humans, which can endanger health. For this
reason, it is necessary to find alternative materials as
a substitute for these two hazardous materials. Several
organic materials, such as eggshell (ES) waste [10,11] and
bamboo [12,13], have been found to be two environmentally
friendly materials based on the literature. This research
aims to reveal the potential of these two organic materials
when used as friction materials.

The use of biodegradable fibers has space and the
opportunity in the future to replace metal materials that
are harmful to humans and the environment [14]. The
presence of bamboo fiber can improve mechanical proper-
ties; therefore, it has the potential to be used as a material
for brake linings in motorbikes [15]. Adding 40 vol% of
bamboo fiber can increase the flexural strength by up to
4x higher compared to an oriented strand board with a
value of 85.5MPa [16]. Hybridizing bamboo fiber with
date palm fiber can produce a high impact, water absorp-
tion, and low thickness expansion [17]. Bamboo has the
potential to be a lightweight and sustainable final product
that can reduce costs and energy consumption when com-
pared to synthetic fibers [18]. Another advantage is the
abundance of renewable, biodegradable, and low-cost
bamboo fibers [19].

One of the materials used as a filler for brake linings is
sawdust. Sawdust can improve brake linings with mechan-
ical and tribological properties [20]. This research also
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showed that the finer the sawdust size, the larger the com-
pressive strength and hardness as well as the water absorp-
tion and wear rate decrease. Another organic material that
could be used in brake linings is bamboo leaves. A larger
composition of the bamboo leaf particles tends to decrease
the hardness of the composite; however, the porosity and
compressive stress tend to increase. The particle size of
bamboo leaves also affects the mechanical and tribological
properties, with smaller particle sizes tending to decrease
the wear rate but increase the compressive strength and
porosity of the composite [21]. The use of organic fillers in
a hybrid manner has complementary properties resulting in
a better combination of composite quality.

ES particles are made of organic materials that resemble
ceramics. This hardness is expected to improve the composite
surface’s coefficient stability and wear rate. ES particles are
widely used as a reinforcement in metal matrix composites
(MMCs). Adding 5wt% ES in MMC can improve the mechan-
ical properties; however, the wear performance increases to
36.4 wt% at a loading below 20 N [22]. Abdullah et al. [23] also
stated that adding 5 wt% ES could produce a lower wear rate
on the poly methyl methacrylate composite. Increasing the
content of ES nanoparticles increases water absorption and
the expansion of the thickness of the composite. Saline water
environments show significant thickness swelling and ero-
sional wear [24]. Ray et al. [25] also showed that the density,
voids, and wear resistance increased with the increasing ES
particle content while the mechanical strength decreased.
Calcination treatment on ESs can improve the wear index
of epoxy composites when reinforced with ES particles and
sisal fibers [26].

Bose et al. [27] compared the performance of an alu-
minum MMC by adding raw ES particles, carbonated ESs,
and SiC + snail shell ash. The results of this study are
interesting because the presence of 12.5 wt% of carbonated
ESs increased the hardness, tensile strength, and fatigue
strength by 80, 45.94, and 53.33%, respectively. The decrease
in the corrosion rate was also significant for AMC with the
addition of 12.5 wt% of ESs; however, a significant decrease
occurred in the carbonized ESs. The 7.5% ES particulate
(ESP) and 2.5% SiC combination in an AA2014 aluminum
alloy resulted in maximum specific strength, minimum
thermal expansion, and porosity.

ES particles are widely used as particulate composites
[28,29]. Their compressive strength and hardness continued
to increase with the addition of ES particles. However, the
impact and flexural strength reached their maximum values
of 20-30 wt% of ES addition in untreated and carbonized
ESs [28]. The use of ES particles for developing polymer-
based friction materials has not been widely used. ESs as
a filler or reinforcement material for polymer composites
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are promising for improving composites’ mechanical,
thermal, and tribological properties. However, discus-
sion on the potential role of ES particles in brake linings
is still limited.

ES particles have good characteristics as a friction mate-
rial and are environmentally friendly; therefore, exposure
to worn particles does not harm human health or the envir-
onment. A literature study conducted by Sunardi et al [10]
showed that ESs could be used as brake lining materials.
ES particles can be hard fillers that withstand wear and
tear. Using a hybrid material, ES particles, bamboo particles,
and fibers can control the friction coefficient and improve
mechanical properties. In practice, brake linings operate at
high temperatures when friction occurs between the brake
linings and the disc. Metal materials such as iron particle
fillers in Timoho fiber-reinforced polyester composites can
improve thermal stability and reduce flammability after
adding 10% by weight of an iron filing filler [26]; however,
their tensile strengths have been found to decrease [30]. ES
particles can replace metal particles by increasing the thermal
stability of brake linings [31].

The Taguchi method is the most established optimiza-
tion technique for composite development [32]. Using the
Taguchi method, factorial optimization can be obtained
with a minimum number of experiments, thereby reducing
experimental costs, improving optimization quality, and
providing appropriate design solutions [33]. Bachchhav
and Hendre [34] used the Taguchi method to estimate the
specific wear rate on temperature, sliding velocity, pres-
sure, and sliding distance parameters during the experi-
ment. This research showed that temperature had the most
significant effect, followed by other parameters. Kumar
and Ghosh [35] also used the Taguchi method by modifying
the hardness and friction coefficient based on the produc-
tion process parameters such as compass load and the
sintering temperature. In this research, the optimum fric-
tion coefficient was obtained at a load of 50 N, a speed of
400rpm, and a pin temperature of 150°C. The Taguchi
method was also used by Yilma et al [32] to estimate the
composition of the brake linings. This research showed
that optimal water absorption was obtained using 22%
epoxy resin, 16% graphite particles, 15% steel particles,

Table 1: Classification of brake lining’s ingredients
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11% basalt particles, and 3% wheat straw fiber. The data
envelopment analysis-based ranking (DEAR) method can
determine the most optimum characteristics of ES par-
ticles based on the multi-responses performance index
(MRPI) level ranking.

Therefore, here we studied the behavior of ESs, bamboo
fibers, and bamboo particles when used as a hybrid on
brake linings. The ES particles used in this research were
either with or without calcination treatment; therefore, the
performance of the ES as a filler was known. To this date, ES
particles are widely used as a reinforcement for metal
matrix brake linings, while polymer matrix brake linings
are still very limited. Scientific publications on organic
materials such as ES particles and bamboo as brake lining
materials still need to be explored. This study aims to
explain the potential of these two organic materials as brake
pads for two-wheeled vehicles that are environmentally
friendly for the future.

2 Materials and methods

Generally, non-asbestos brake linings consist of many mate-
rials to ensure their performance requirements which
usually have conflicting properties. The four main char-
acteristics that must be present in brake pads include
binder resin, reinforcing fibers, friction modifiers, and
fillers [36]. In this study, the classification of materials
based on their function is shown in Table 1.

2.1 Materials

The primary raw materials for the brake linings in this
study were bamboo fibers, bamboo particles, ES particles,
natural graphite, zinc powder, aluminum oxide powder,
and phenolic resin. Bamboo and ESs are natural raw mate-
rials, as shown in Figure 1. ESs were collected from house-
hold waste. The type of ES used in this study was brown
country chicken eggs. Bamboo in particle and fiber form
was obtained from Pandeglang-Indonesia. The phenolic

Classification Function

Ingredients

Binder Binds all brake linings’ ingredients

Fiber Improves the mechanical strength

Friction modifier Determines the desired friction characteristics
Filler

Improves specific properties, reduces production costs, and acts as a space filler

Phenolic resin

Bamboo fiber

Al,03, Zn, and graphite

Bamboo particles and ES powder
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Figure 1: Bamboo particles (a) and ES particles (b).

resin was obtained from SI Group-Shanghai Co. Ltd. Other
materials, such as graphite, alumina, and Zn, were obtained
from Indonesia. Sodium hydroxide (NaOH) from Merck’s and
vinyltrimethoxysilane liquid (CH2=CHSi(OCHjy)5) as the silane
coupling agent were used in the alkali treatment in this study.

The composition of the brake lining samples is shown
in Table 2 and was determined based on the actual volume
fraction: 35% phenolic resin, 10% bamboo fiber, 10% alu-
mina, 5% zinc, 10% graphite, and 30% (bamboo particles/
ES). The production of brake lining samples was carried
out in four main stages, namely (a) the pre-treatment of
bamboo and calcination of the ES particles, (b) a cold press,
(c) a hot press, and (d) heat treatment.

2.2 Chemical treatment

The performance of bamboo fibers and particles can be
improved by an alkali-silane treatment. The alkali treat-
ment removes the hemicellulose content and impurities
and increases the composite’s thermal stability [37]. In
this study, NaOH (Merck brand) was alkali-treated at a
concentration of 6% for 3h [38]. The weight ratio of the
number of particles or fibers and the NaOH solution was
1:13 [39]. After that, it was washed with distilled water until
the pH was neutral.

The next treatment for the bamboo particle and bamboo
fiber was the silane treatment. The silane treatment aimed to

Table 2: Composition of brake lining materials

increase the interfacial bond between the bamboo particles,
bamboo fibers, and phenolic resin to increase the brake
linings’ hardness and decrease the specific wear rate. The
silane solution used was vinyltrimethoxysilane. The silane
coupling agent was pre-hydrolyzed in a mixture of ethyl
alcohol and water at a composition of 80 and 20% and
was stirred for 60 min to obtain complete hydrolysis [40].
The pH of the solution was maintained at 4-5 by adding
acetic acid before adding silane. The particles or fibers
were immersed in a 1wt% silane solution for 1h. The
ratio between the fiber’s weight and the solution’s volume
was 0.04 g-mL ™" [41].

2.3 Calcination treatment

The purpose of calcinating the ESs was to decompose cal-
cium carbonate into calcium oxide. The calcination tem-
perature has a crucial role in changing the structure of the
ES. In this study, ESs were subjected to calcination at tem-
peratures 100, 500, and 900°C with calcination durations of
60, 120, and 180 min.

2.4 Sample preparation

Materials in the form of powders were mixed and stirred
for 2 min to obtain a homogeneous mixture. The next step

Sample code Phenolic Bamboo Zinc Alumina Graphite ES Bamboo
resin (%) fiber (%) powder (%) powder (%) powder (%) powder (%) powder (%)

S1, S5, S9 35 10 5 10 10 5 25

S2, S6, S7 35 10 5 10 10 15 15

S3, 54, S8 35 10 5 10 10 25 5
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Figure 2: Equipment setting on hot pressing.

was to add the fiber material and mix it for 2 min [42]. This
mixture was then converted into green bodies using a
press machine at a pressure of 40 MPa, which was held
for 5 min. This sample was then hot pressed at 150°C with
a holding time of 10 min. The equipment settings are
shown in Figure 2.

The last process for constructing the samples was
curing, which was carried out in an electric furnace at tem-
peratures in the range of 30-140°C for 60 min, 140-180°C for
360 min, and cooled at 180-30°C for 30 min [43]. The heating
and cooling rates during curing are shown in Figure 3.

2.5 Experimental design

The four ES particle parameters that were selected as input
parameters included the calcination temperature, calcina-
tion time, particle size, and volume fraction for the experi-
mental process. Each parameter was determined to have
three levels, as shown in Table 3. The experimental matrix
was designed according to the Taguchi method with nine
experiments, as shown in Table 4.

Temperature, °C
_ = e
193 [N e} [353 wn [es]
(=] f=] [=} (=] f=) S

- 100 200 300 400 500

Time, min

Figure 3: The rate of heating and cooling of the sample during curing.

2.6 DEAR method

The DEAR method was used to optimize the multiple-

response Taguchi experiment. In the DEAR method, the

larger-the-better response weights are divided by smaller-

the-better response weights. This value indicates the optimal

level and can be considered an MRPL The following are the

stages of completion with the DEAR approach [44]:

(1) Determine the weight of each response for all experi-
ments using a weighting technique.

(2) Transform the observed response data into weighted
data by multiplying the observed data by their weight.

Table 3: Values at the levels of input parameters

Parameters Symbol Unit Values at levels

1 2 3
A. Temperature T °C 100 500 900
B. Time t min 60 120 180
C. Particle size PS mesh 80 140 200
D. Volume fraction Ve % 5 15 25
Table 4: Orthogonal array
Run A B C D
S1 100 60 80 5
S2 100 120 140 15
S3 100 180 200 25
S4 500 60 140 25
S5 500 120 80 5
S6 500 180 200 15
S7 900 60 80 15
S8 900 120 200 25
S9 900 180 140 5
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(3) Divide the data with the larger-the-better weight by the
smaller-the-better data.

(4) Assume the values obtained as MRPI and obtain the
solution.

The hardness (HR), coefficient of friction (CF), and spe-
cific wear rate (SWR) were the average of five experiments.
HR and CF had the larger-the-better characteristics, which
were calculated by dividing the single response by the total
response value, as shown in Eq. (1). The SWR had the
smaller-the-better characteristic, as shown in Eq. (2):

HR; CE
Winrr), = ZTII{; Wiery, = Z—Ci:’ ()]
[s)
SWR;
! 2
(SWR); = —. @
SWR

2.7 Hardness testing

Hardness measurements were based on ASTM D 785 using
Rockwell hardness with Type R. The hardness test used the
universal Rockwell hardness tester brand ZwickRoell. The
hardness measurements were carried out 5x at different
points and for different specimens. A hardness test was
carried out on both sides of four different samples, including
a cylindrical sample with a diameter of 10 mm and a length
of 10 mm. The indenter stamping was conducted in the
center of the test sample.

Figure 4: The setting of the friction test equipment.
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2.8 Friction coefficient testing

Tests for the coefficient of friction and specific wear rate
were carried out using the pin-on-disc method under dry
conditions and at room temperature. The pressure actuator
pushed the sample clamped in the holder horizontally until
it made contact with the rotating disc. The disc material was
made of DIN X 153 CrMoV12 steel with a hardness of 45 RC
and a surface roughness in the range of 0.43-1.37 pm. The
pin-on-disc test was conducted at a contact pressure of
0.75MPa and a shear speed of 12m-s™ [43]. Sukrawan
et al [15] stated that the wear rate test for the motorcycle
was carried out with a load of 2.3kg and at a speed of
180 rpm. Biokinetics and Associated Ltd state that the
braking force of a motorcycle is between 45 and 89N at a
speed ranging from 48.3 to 128.8kmh™. In this study, the
force used was 58.88 N, which was obtained based on the
contact pressure on the sample contact area [45]. Before the
measurement, the sample was rubbed on the disc’s surface
until the sample’s surface was abraded thoroughly. Each
time the next test was started, the disc surface was cleaned
with a soft cloth to remove any dirt on the disc surface. The
setting of the friction test equipment is shown in Figure 4.

The recording of frictional forces that occurred between
the surface of the sample and the disc’s surface used data
acquisition (Advantech USB-4716). The friction test was
carried out by replicating the test five times. The friction
coefficient was obtained by dividing the friction force by
the normal force. Mathematically, this was formulated as
follows:
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The SWR was measured after the sample traveled
6020.76 m for each friction test, and SWR data collection
was carried out with at least five repetitions. The determi-
nation of the sliding distance in SWR testing was according
to previous studies [43]. Ahmed and Mulapeer [46] used
an applied load parameter of 45N, a sliding speed of
134m-s™, and a sliding distance of 2,000 m. In their study,
Demirdal and Aydin [47] used applied loads of 5, 10, and
20 N, a coating speed of 0.14 m-s™, and a sliding distance of
200 m. Long distances were used to obtain a convincing
SWR and the stability of the friction coefficient. SWR was
obtained by dividing the wear volume by the contact load
and the sample sliding distance, and SWR is expected to be
more accurate than the volumetric wear [46]. Mathemati-
cally, the formula for measuring SWR was stated by Rajan
et al. as [48]

AV
WR = — 4
S Id’ 4
where AV is the volume of the material worn (mm?), d is
the sliding distance (m), and L is the contact load (N).

3 Results and discussion

3.1 Changes in the ES particle size

The ES particles that were subjected to a calcination pro-
cess at 500 and 900°C changed in particle size, as shown in
Table 5. The relative calcination treatment resulted in
nearly the same particle size. The average particle sizes
were in the range of 120.08-135.14 mm. It should be noted
that the average sizes of ES particles before calcination
were 200, 140, and 80 mesh, respectively, at 74.74, 96.02,
and 159.57 mm.

This study shows that calcination’s temperature and
time significantly affected the ES particle size changes.
These results are consistent with a study conducted by
Pornchai et al. [49], which stated that with a longer calci-
nation time, there was a tendency to reduce the particle

Table 5: Changes in the ES particle size after the calcination process
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size of the ES. Increasing the calcination temperature
reduced the ES particle size to 61.15% [50]. During the cal-
cination process, ES particles vibrated with each other so
that the particles were split into smaller pieces [51].

3.2 Hardness

The average hardnesses of organic brake linings developed
were between 65.14 and 92.82 HR, as shown in Figure 5. The
hardness of the brake linings increased only slightly on ESs
without calcination. These results are linear with studies
conducted by Gdabeyan et al. [52]. Using 10% calcium car-
bonate on a polyester composite reinforced with 20% pine
fiber showed an increase in hardness. The calcium carbo-
nate filler could withstand indentation forces against defor-
mation and increase thermal stability [53].

However, the ESs calcined at 900°C experienced a sig-
nificant increase in hardness. The composition of calcined
ESs had the highest average hardness value, namely 92.82
HR. Calcined ES particles became stiffer due to the loss of
moisture. This condition was the reason for the increased
hardness of the composite when compared to ES particles
without calcination. The study results of Iloabachie et al
[54] also showed the same phenomenon. That is, with a
higher calcined ES content, the hardness of the epoxy
resin/ES composite also increased. From this research, it
is found that the maximum hardness occurred at 20 wt%.
Even Ononiwu et al [55] stated that using calcined ESs
could increase the microhardness by up to 20%.

Several studies have shown that a calcination tempera-
ture of 500°C was not able to change the ES phase from
CaCOs; to Ca0; therefore, samples S-1 to S-6 show relatively
the same hardness. In contrast to the 900°C calcination
temperature, the ES phase wholly changed to CaO, signifi-
cantly increasing the hardness. A study showed that the
complete phase change from CaCO; to CaO occurred at
900°C for 1h [56]. Due to the unstable structure of CaO
particles when exposed to air, CaO particles immediately
formed Ca(OH),.

Sample S8, with calcination treatment at 900°C for 2h
with a particle size of 200 mesh and a volume fraction

Particle size S1 S2 S3 sS4 S5 S6 S7 S8 S9
Median (um) 63.38 85.6 144.87 99.3 139.08 137.44 127.52 124.39 104.92
Mean (um) 74.74 96.02 159.57 109.68 144.59 139.32 134.54 135.14 120.08
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S1 S2 S3 S4

Figure 5: Brake lining hardness based on ES waste.

of 25%, had the highest hardness value (92.82 HR). The
increased hardness of S8 was due to the uniform distribu-
tion of the ESs in the brake lining samples. This study’s
results align with Shah et al’s findings that the reduction
in particle size due to stearic acid treatment led to a more
uniform distribution of particles [57]. In addition, a rela-
tively fine particle size could produce a denser and stronger
interface, thereby increasing the mechanical properties of
the composite. The content of ES particles significantly
increased the hardness of the composite. Qhazi also stated
that the larger the particle size, the lower the hardness [58].

An interesting finding in this research was that ESs
with calcination treatment at 900°C (S7, S8, and S9) experi-
enced a relatively better hardness when compared to other
samples. This hardness with a slight deviation indicated
that the distribution of ES particles was reasonable even
in the sample brake linings. Another interesting phenom-
enon was that the surface hardness of the brake linings
increased with the addition of the ES volume fraction. This
study is in line with that conducted by Panchal et al. [24],
who stated that increasing the ES concentration increased
the hardness of the biocomposite. This result differs from
that of Oladele et al. [26], who stated that the composite

DE GRUYTER

S5 S6 S7 S8 S9

Code of sample

with calcined ESs had a lower hardness than the untreated
ES. Generally, previous research data have shown that the
hardness of organic brake linings, once developed, has
better hardness compared with other organic materials.
Table 6 shows that the hardness of the brake linings
using ES and bamboo fillers is quite competitive compared
to other organic materials. The presence of ES particles in
the composite can significantly increase the hardness of
the composite, especially in the S8 composite, where the
distribution of ES particles occurred evenly. The surface
hardness of this composite could be directly related
to the coefficient of friction and the specific wear rate
of the brake pads. Usually, the higher the surface hard-
ness, the lower the friction coefficient and the wear rate.

3.3 Coefficient of friction

The coefficient of friction is essential in the material’s
selection and for determining material surface require-
ments. The value of friction coefficients was calculated
using Eq. (3), and the results were shown in Figure 6.
This study shows that the lower the ES particle content,

Table 6: Comparison of surface hardness of brake linings from organic and environmentally friendly materials

No. Binder resin Ingredients Average hardness Ref.

1 Polyester Calcium carbonate, alumina, barium sulfate, rockwool, graphite 110.66 [59]

2 Epoxy MgO, bamboo fiber 68.30-91.80 [15]

3 Phenolic Miscanthus, alumina, and cashew 95.5-112.3 [60]

4 Phenolic Chalk, graphite, sand, aluminum powder, fly ash 103-114 [61]

5 Phenolic PAN, aramid pulp, rockwool, graphite, alumina, promaxon D, potassium titanite, vermiculite, 90.2-96.4 [62]
CNSL, rubber, barite, metal particle

6 Phenolic Aramid pulp, PAN, rockwool, graphite, alumina, potassium titanite, rubber, friction dust, 93-98 [63]
vermiculite, hydrated lime, barite, Cu

7 Phenolic Aramid, glass, graphite, copper powder, alumina, calcium carbonate, friction dust, vermiculite, 38-56 [42]

barite, carbon fiber
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S5 S6 S7 S8 S9

Code of sample

Figure 6: The values of the friction coefficient in the sample brake linings.

the higher the surface friction coefficient. The increase in
the friction coefficient is due to the bamboo particles. This
statement is in agreement with a study conducted by
Alajmi et al [64], which showed that the addition of
bamboo fiber to the composite could improve the stability
coefficient of the friction coefficient.

From Figure 6, it can be seen that the addition of
bamboo particles and ESs increased the stability and the
coefficient of friction. The average coefficient of frictional
stability was achieved in less than the first 35s since the
surface contact occurred between the brake lining sample
and the disc, as shown in Figure 7. The stability of the
friction coefficient was also strengthened by adding 10%
graphite in each sample.

This study shows that the coefficient of friction achieved
the best conditions in the sample by adding 25% of the ES. The
nature of the ES particles resembled ESs’ functions as a part
of the brake lining and received frictional loading. The
abraded ES particles, along with other materials, can then
fill in the surrounding porous. This condition also contributed
to the stable value of the friction coefficient. Increasing the

number of ES particles in the composite tends to decrease the
coefficient of thermal expansion [65]. This condition affects
the stability of the friction coefficient.

An interesting phenomenon occurred in sample S9,
where the contact between the surfaces had an excellent
coefficient of friction. This sample contained ESs, which
were calcined at 900°C for 120 min with a volume fraction
of 5%. This condition is exciting because it has a similar
coefficient of friction stability in the 25% ES sample, and
was due to the composite’s compatibility with bamboo
particles and ESs. Bamboo fiber could improve the friction
performance of friction materials. Grooves or cavities that
were formed after the carbonization of the bamboo fiber
could also reduce noise [66].

The treatment and content of ESs have a significant
influence on the friction coefficient of the brake linings.
The friction coefficients obtained were in the range of
0.32-0.44. Based on the SAE J866 Standard, this friction
coefficient is in Code Letter E (S4 and S8), and the others
are in Code Letter F [67]. For tribological applications, it is
desired that the brake linings have friction coefficients in

Figure 7: The stability of the friction coefficient in the brake lining samples.
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the range of 0.30-0.70 [68]. Generally, brake linings for
original equipment manufacturers have a friction in the
range of 0.30-0.40 [69].

3.4 Specific wear rate

Wear is an essential property in materials, especially when
there is contact between them. Several factors can affect
material wear, including the normal force on the surface,
the environment, and the physical and chemical properties
of the material. This study used the specific wear rate to
express the wear value. Figure 8 shows that a more sig-
nificant volume fraction of ES particles tended to decrease
the specific wear rate. The presence of ES particles caused
a decrease in the wear rate. This calcined ES is a very stable
structure and has the behavior of a hard-ceramic material.
These ES particles resist the shear force from the disc so
that the material experiences less wear and tear on the
sample brake linings.

The lowest specific wear rate for the organic brake
lining samples occurred in samples treated with 900°C cal-
cination for 2 h with a volume fraction of 25% ES particles.
The presence of hard and stiff ES particles caused a
decrease in the specific wear rate. The ES particles func-
tioned to resist deformation and shear due to the contact
between the canvas material and the disc. Adding ES par-
ticles reduced the effective contact between the surfaces;
therefore, the wear volume also decreased. The decrease in
the specific wear rate was in line with the increase in the
surface hardness of the organic brake linings.

An increase in the number of ES particles also decreased
the material’s tendency to stick to the disc. The impact of this
was that the material did not stick to the disc; however, this
worn material filled the valleys on the surface of the material
and formed a secondary plateau. Several studies have shown
that calcined ESs can improve wear resistance [26]. The

1.80.E-05
£ 160E0s
'”g 1.40.E-05
= 120E-05
£ 1.00.E-05
§ 8.00.E-06
2 6O0E-06
5 4.00.E-06
S 2.00.E-06

0.00.E+00

Figure 8: Specific wear rate in the brake lining sample.
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higher the calcination temperature on the ES particles, the
more the specific wear rate decreased. Ononiwu et al [55]
showed that ES particles calcined at 1,200°C for 2 h resulted in
the lowest wear rate compared to temperatures of 900, 1,000,
and 1,100°C.

Another interesting phenomenon is that the higher the
ES particle content, the lower the wear rate of the compo-
site. The results of this study agree with those conducted by
Demirdal and Aydin [47]. The wear rate increased with the
increase in the bamboo fiber content. Ma et al. [66] showed
that the bamboo fiber content in the friction material was
higher than 3% by weight, which could reduce its resis-
tance to wear.

Using a bamboo and ES filler in brake linings has
shown relatively good performance and has produced
low specific wear rates between 4.43 x 10° and 1.42 x
10 mm*N*m™. The ES particle’s presence in the brake
lining improved the composite’s specific wear rate. This
study is in line with the report by Pani et al. [70], who
stated that the specific wear rate increased when com-
pared to the use of bamboo fiber without ES particles in
composites with an epoxy resin, a metallic filler-based
rubber resin, and brass-based organic and inorganic fibers
with a specific synthetic rubber-modified resin [34]. This
material’s low specific wear rate automatically reduced the
wear debris that would otherwise have escaped into the
air. Because the wear debris comes from environmentally
friendly organic materials, this does not pose the same
problems for environmental health.

The calcined ES on S8 produced the lowest wear rate;
therefore, the amount of wear and tear debris during
braking was also minimal. This condition further con-
firmed that ES is cheap, non-toxic, and environmentally
friendly [71]. The SWR value in this study was lower com-
pared to the use of polymer hybrid composites when rein-
forced with bamboo, hemp, and seawater glass fibers
which reached 20.193 x 10~ mm*N™m™ [70] utilizing

S1 S2 S3 S4 S5 S6 S7 S8 S9

Code of sample
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orange peels, coconut, periwinkle, palm kernels [72], and
metallic and fine brass [34]. Generally, ESs that received
the calcination treatment could decrease the wear rate
significantly, at around 50%, while the hardness increased
by 18.8%.

3.5 Surface morphology

Figure 9 shows the calcined and uncalcined ES particle
distribution at various volume fractions. The ES particles
were distributed evenly in all samples. This result is in line
with the report of Oladele et al. [26]. However, 5% of ES
particles (S1, S5, and S9) had a greater porosity when com-
pared to other volume fractions. In these three composites,
the content of the bamboo particles was relatively high,
namely 25%. The content of these bamboo particles explains
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why the porosity was greater than that of composites with a
lower content of bamboo particles.

Samples containing 25% of ESP produced a wider con-
tact surface and relatively increased hardness. The increase
in hardness was due to the even distribution of particles in
the composite, especially ES particles with calcination treat-
ment. Calcined ES particles were embedded more pro-
foundly in the composite, and this acted as an indicator
that there was a good interaction between the filler and
matrix. This interaction was also confirmed by the compo-
sites’ increased hardness and decreased wear rate. The scan-
ning electronic microscopy photos show how ES particles
with a 200 mesh could be dispersed well and fill small cav-
ities in the composite [73-75].

Sample S8 had a good distribution of ES and alumina
particles on the repellent resin resulting in a wider contact
surface. The resulting impact was an increase in the com-
posite’s surface hardness, which decreased the specific
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Figure 9: Surface morphology scanning electron micrograph of phenolic composites containing ES.
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Table 7: Response weight hardness, coefficient of friction, and specific wear rate values
No. Code of samples HR Wyr CF Wee SWR Wswr
1 S1 79.42 0.1155 0.45 0.1305 142 x 107 0.0653
2 S2 65.14 0.0947 0.40 0.1154 111 %x107° 0.0836
3 S3 78.12 0.1136 0.36 0.1038 8.86 x 10°° 0.1045
4 S4 70.44 0.1024 0.34 0.0985 1.02x107° 0.0908
5 S5 72.36 0.1052 0.40 0.1167 133x107° 0.0696
6 S6 73.46 0.1068 0.37 0.1074 115 x107° 0.0803
7 S7 81.10 0.1179 0.39 0.1119 7.53 x 107® 0.1229
8 S8 92.82 0.1350 0.32 0.0926 443 x107° 0.2089
9 59 74.72 0.1087 0.43 0.1232 5.31x107° 0.1741
Table 8: Weighted responses and MRPI calculations
No. Code of samples P Q R MRPI Rank
HR x Wyr CF x Wce SWR x Wswr (P + Q)R

1 S1 9.1735 0.0588 9.25 x 1077 9.98 x 10° 3
2 52 6.1712 0.0460 9.25 x 1077 6.72 x 10° 9
3 S3 8.8757 0.0372 9.25 x 1077 9.63 x 10° 4
4 S4 7.2163 0.0335 9.25 x 1077 7.84 x 10° 8
5 S5 7.6151 0.0470 9.25 x 1077 8.28 x 10° 7
6 S6 7.8484 0.0398 9.25 x 1077 8.53 x 10° 6
7 S7 9.5657 0.0432 9.25 x 1077 1.04 x 10’ 2
8 S8 12.5303 0.0296 9.25 x 1077 1.36 x 10’ 1
9 59 8.1199 0.0524 9.25 x 1077 8.83 x 10° 5
Table 9: MRPI values for ES particle characteristics
Factors Levels Max

1 2 3 - min
A. Calcination temperature 2.63 x 107 2.46 x 10’ 3.28 x 10’ 8.15 x 10°
B. Duration of calcination 2.82 x 107 2.86 x 107 2.70 x 107 1.58 x 10°
C. Particle size 3.21 x 107 2.34 x 10’ 2.83 x 107 8.69 x 10°
D. ES volume fraction 2.71 x 107 2.56 x 107 3.10 x 107 5.41 x 10°

Bold writing indicates that these parameters have the most influence on the performance of friction material.

wear rate and the coefficient of friction in the brake lin-
ings. Samples with a composition of 25% ES particles (S3,
S4, S8) had the lowest wear rates. The increase in the hard-
ness of this composite was due to the content of ES parti-
cles, especially S8, which produced the highest hardness of
all the samples.

3.6 ES optimization

ES characteristics were optimized using the DEAR approach.
For the characteristics of this response, refer to Egs. (1) and

(2). The following are the steps to obtain ES optimization, as
shown in Tables 7-9. The MRPI value was obtained by
dividing the number of larger-the-better (HR and CF)
responses by the number of smaller-the-better responses,
as shown in Table 8.

The optimal levels were identified by assuming MRPI
as a single response. Table 9 shows that the optimum MRPI
levels were Az, B,, C;, and Ds. These results align with the
research conducted by Oladele et al. [26], who stated that
the wear index and hardness of the composite were higher
as the number of ES particles increased. Table 9 also shows
that the particle size, calcination temperature, and eggshell
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volume fraction are the three parameters that most influ-
enced the performance of the brake linings.

Table 9 shows the effect of MRPI. The ES particle size,
calcination temperature, volume fraction, and ES calcina-
tion time were the significant factors that affected the
properties of the brake linings and were 8.69 x 10°, 8.15 x
105, 5.41 x 10% and 1.58 x 10° respectively. Thus, the ES
characteristics reached an optimum value in this study,
namely the calcination temperature of 900°C for 120 min
with an ES particle size of 200 mesh and a volume fraction
of ES at 25% with hardness, coefficient of friction, and
specific wear rate values of 92.82 HR, 0.32, and 4.43 x
107 mm3*N"m™, respectively.

An ES microparticle filler was very effective for filling
epoxy resin spaces with up to a 40% concentration [29]. ES
particles can function more optimally if treated with stearic
acid, where the toughness, particle-matrix bonding, and
thermal stability can increase and the brittleness decrease
[57]. When the volume fraction of ES particles was evaluated
in this study, the 25% content produced the highest hardness.
These results align with a study conducted by Balan et al. [76],
where the higher the ES particle content, the greater the com-
posite hardness and reduced water absorption.

This study has shown that ESs and bamboo particles as
fillers in friction materials have a competitive perfor-
mance compared to other organic materials, even semi-
metallic materials. Based on these conditions, egg shells
and bamboo could be used as alternative materials that
are environmentally friendly in the future, considering that
environmental sustainability is the responsibility of every
human being. Compared with other potential nature-based
materials, e.g., agave cantala [77,78], salacca zalacca [79,80],
sea sand [81,82], hybrid metallic-hased material, e.g,, alu-
minum [83-85], can be considered in future to obtain perfor-
mance evaluation data of the ES-based composite.

4 Conclusions

ES and bamboo particles have unique properties that com-
plement each other regarding their mechanical and tribo-
logical performance. There are several important points
that were obtained from this study, including:

1) Organic brake linings using ES particles and bamboo
have competitive properties.

2) The mechanical and tribological performance of ESs has
optimum values when ESs are calcined at 900°C for 2h
with a particle size of 200 mesh and a volume fraction
of 25%.

3) The hardness and wear rate increase with the addition
of ES particles, whereas, if a high coefficient of friction

Optimization of eggshell particles =— 13

is needed, the bamboo composition in fiber and particle
form added should be more.

4) Calcined ES particles have many advantages compared
to untreated ESs.
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