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ABSTRACT

There is a growing need to develop automobile brake pad materials from
sustainable sources. The study of substitute brake pad materials from sustainable
sources is an area that requires immediate attention. This is because previous materials
used (such as asbestos) are known to have carcinogenic effects. Several studies have
investigated alternative materials to asbestos for brake pads. This review paper
presents some of the most appropriate environmentally friendly and optimal composites
for brake pads. Biomass-based composites from agricultural waste such as natural
fibers waste are reviewed. This paper also surveyed the use of substitute materials as
filler and binder, such as epoxy resin, phenolic resins, and other adhesives.

Key words: Brake pad, fillers, Natural fiber composite, Agricultural waste, Material
properties.

Cite this Article: Oluwafemi E. Ige, Freddie L. Inambao and Gloria A. Adewumi,
Biomass-Based Composites for Brake Pads: A Review, International Journal of
Mechanical Engineering and Technology 10(3), 2019, pp. 920-943.
http://www.iaeme.com/IJMET/issues.asp?JType=1JMET&VType=10&IType=3

1. INTRODUCTION

In the past few years several studies have been conducted on the development of non-asbestos
brake pads. Uses of palm kernel shell, palm kernel fiber and other biomass precursors have
been investigated [1]. The present trend in research for asbestos-free brake pads is to use
industrial or agricultural waste (agro-waste) as a raw material source for composite
development [2] [3] [4]. Recently, international efforts to address environmental issues and the
need to protect the environment has drawn research focus to the use of natural fibers in several
applications, including brake pads. Typically, brake pads contain asbestos embedded in a
polymer matrix with several other ingredients. Due to its carcinogenic effects on human health
and its other harmful properties, the use of asbestos is increasingly being avoided, and therefore
new non-asbestos materials and brake pads have been developed [5-8].

The brake pad is one of the most important components of an automobile braking system,
as its helps in the conversion of a vehicle’s kinetic energy to heat energy. The types of
automotive brake pads that are in the market are characterized by metallic materials, semi-
metallic materials or non-asbestos organic (NAO) materials [9]. According to Idris et al. [10],
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a brake pad is a steel back-plate with a friction material bound to the surface facing disk. The
effectiveness and performance of brake pads are absolutely dependent on the frictional material
used in the process of its manufacture [11]. In recent years, extensive research has focused on
environmentally friendly brake pad composites that use natural fiber from agro-waste as a
replacement for asbestos fibers [12].

For more than a decade, natural fibers have been used as reinforcing materials [13]. In
addition, composite materials have evolved into a cost-effective and potentially eco-friendly
substitute for synthetic fiber reinforced composites for use in various parts of an automobile.
The availability, comfort and low cost of natural fibers in industrial use have attracted many
researchers to study their suitability in meeting the basic specifications of well-reinforced
polymer composites for tribological and other applications [14].

Over the years, the production of composite materials worldwide has grown significantly,
which means many industries and technology sectors now use the newly formulated polymer
composites materials which have successfully replaced traditional composite materials [15].
The investigation of new materials, especially agro-waste, has led to the development of new
and low-cost options for the development of brake pads which are commercially viable and
environmentally acceptable, including all the properties required.

In addition, studies which investigated the properties of selected agro-waste are reviewed
in regard to their application as filler and binder.

2. AGRICULTURAL WASTE

Fibers derived from agro-waste have economic significance and cultural impact throughout the
world [16]. Such fibers also have great potential as composite materials because of their high
strength, low cost, eco-friendly nature, availability, and sustainability [17, 18]. Fibers derived
from agricultural waste have many properties with potential for industrial application, which
have led to a great deal of research on how to channel them to useful materials while taking
human health and environmental safety into consideration. Agricultural waste, also referred to
as biomass, is a potential renewable energy source with several applications which in building
materials and multipurpose materials for automobile applications. The use of organic waste and
residual materials in polymer composites represents an eco-friendly and significantly high-
value substitute [19]. Table 1 shows some agricultural products which have potential as natural
fiber resources and their countries of origin

Table 1. Biomass and their countries of origin: Agricultural products as potential natural fiber

resources
Brazil | China | India | Indonesia | Malaysia | Philippine | Thailand| USA | Vietnam
Banana 6.90 10.55 | 24.87 6.19 0.335 9.23 1.65 0.008 1.56
Coconut 2.82 0.250 | 11.93 18.30 0.605 15.35 1.01 NA 1.31
Pineapple 2.48 1.00 1.46 1.78 0.334 2.40 2.65 0.180 0.540
Sugarcane | 0.739 | 125.54 | 341.20 33.70 0.830 31.87 100.10 | 27.91 20.08
Rice 11.76 | 203.29 | 159.20 71.28 2.63 18.44 38.79 8.63 44.04
Oil palm 1.34 0.670 NA 120.00 100.00 0.473 12.81 NA NA
fruit
Jute 26.71 0.17 1.98 0.007 0.002 0.002 0.06 NA 0.02
Kenaf 14.20 | 0.08 0.12 4.35 0.01 NA 1.30 NA 8.20
Flax 0.71 0.47 0.22 NA NA 0.002 0.01 0.004 NA
Sisal 0.25 0.15 0.21 0.03 NA NA 0.003 NA 0.01
Abaca 1.20 0.65 NA 0.05 NA 0.08 NA NA 0.01
Kapok NA 0.06 NA 0.03 0.008 NA 0.07 NA 0.003
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Agricultural waste as shown in Figure 1 can be found in many plants, for example oil palm
tree, corn stalks, bagasse, bamboo, coir (coconut shell), sugarcane pineapple, banana, rice
husk, rice straw and plants (stem, leaf, seed, fruit, stem, grass, reed) [17]. Only 10 % of the
potential of these natural fibers are being harnessed and used as alternative raw materials in
industry, where the most common applications include bio-composites, bio-medical,
automotive parts, and others [20]. The most important fiber waste produced by agricultural
activities are cellulose fibers (CF) which have the potential to enhance materials because of
their easy availability, lightweight, renewable, degradable, low abrasive properties, and low
cost [17, 18, 20]. Cellulose fibers (CF) occurs in combination with other materials for instance
lignin, hemicelluloses and pectin [21]. Agro-waste is the most abundant form of natural fiber
and has been used in many areas of modern industry These materials vary in relation to
conditions of growth and harvesting [22].
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Figure 1. Agricultural waste

2.1. Properties of Agricultural Biomass

For more than two decades the characteristics of biomass have been investigated. However, the
properties of natural fibers have not been enumerated consistently because of the different fibers
utilized, different moisture conditions introduced, and different testing methods. Researchers
agree that the properties of agricultural biomass are decided by many variables such as its
structure, chemical composition, cell dimensions, microfibril angle, physical properties and
mechanical properties. These properties vary widely among plant species and even in the same
plant [23]. It is necessary to understand the properties of the fibers in order to elaborate on the
use of natural fibers for composites so as to improve their performance.

2.1.1. Chemical Properties

According to Kumar et al. [24], agricultural biomass is mainly made of cellulose, hemicellulose,
and lignin, as well as small amounts of pectin, protein, and ash. Cellulose is a semi-crystalline
polysaccharide composed of D-anhydroglucose and glycosidic bonds. It offers strength,
stiffness and structural stability to the fiber, helping to maintain the structure of the plant, and
serves as a determining factor in its mechanical properties. Hemicellulose is a branched and
fully amorphous polymer. Lignin is a complex hydrocarbon polymer with aliphatic and
aromatic components. Lignin is linked with hemicellulose in agricultural plant cells and plays
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a role in the natural decay resistance of agro-biomass materials [25]. Table 2 shows the
variability in cell wall composition in biomass. The chemical properties of agro-biomass as
shown in Table 4 indicates that the polymer content is highly variable, depending on the plant
species. The composition, structure and biomass properties depend on the age of the plant,
conditions of the soil and other environmental factors which include humidity, stress, and
temperature [26]. The polymer chemistry of these fibers affect their characteristics,
functionalities and properties [27].

Table 2. Agricultural biomass chemical properties

Composition (%)

Type of biomass Cellulose | Extractive | Hemicellulose Lignin Reference
Sisal 43.85-56.63 2 21.12-24.53 7.21-9.20 [28]
Oil palm 44.20-49.60 4 18.30-33.54 17.30-26.51 [26, 29]
Kapok 65.63-69.87 6.66-10.49 5.46-5.63 [30, 31]
Bamboo 73 3 12 10 [26]
Corn stalks 38.33-40.31 5 25.21-32.22 7.32-21.45 [28, 32]
Banana 60.25-65.21 - 48.20-59.2 5.55-10.35 [33, 34]
Abaca 69.23-70.64 21.22-21.97 5.15-5.87 [35]
Sugarcane (Bagasse) 55.60-57.40 10 23.90-24.50 24.35-26.30 | [28, 36, 37]
Pineapple 70.55-82.31 18.73-21.90 5.35-12.33 [38]
Flax 69.22-71.65 6 18.31-18.69 3.05-2.56 [28, 35]
Kenaf 37.50-63.00 6.4 15.10-21.40 18.00-24.30 | [35, 39, 40]
Jute 69.21-72.35 4 12.55-13.65 12.67-13.21 [28, 35]
Rice straw 28.42-48.33 17 23.22-28.45 12.65-16.72 [32, 41]
Coconut (coir) 36.62-43.21 0.15-0.25 41.23-45.33 [42]

2.1.2. Physical and Mechanical Properties

The physical and mechanical properties of fiber are highly dependent on the growing
conditions, chemical composition, extraction methods and its ratio Cristaldi et al. [43] and
Huang et al [44]. Table 5 presents a summary of the mechanical and physical properties of
different biomasses.

2.1.2.1. Physical Properties

The properties of biomass fibers are strongly affected by their individual material, which play
an important role in the consideration of such materials in multidisciplinary applications.
Biomass fiber properties associated with important variables include fiber structure, microfibril
angle, cell dimension and defects [45]. John and Thomas [46] stated that origin, source, species,
and fiber maturity are determined by the size of a single cell in a biomass fiber. The properties
of an end product, such as tensile strength, tear strength, drainage, adhesion and stress
distribution, are highly dependent on the structural properties of the fiber, particularly fiber
length, fiber width and cell wall thickness [47, 48]. In addition, the lumen structure affects the
bulk density of fibers, which affects the thermal conductivity and acoustic factors of the fiber
end product [49].

2.1.2.2. Mechanical Properties

The processing of natural fibers can occur in various ways to produce reinforcing elements with
different mechanical properties. The mechanical properties of natural fibers are affected by
many factors, for example, whether fiber bundles or ultimate fibers are being tested. The
mechanical properties of the types of fibers from different sources are clearly illustrated (Table
3) while large variation in the mechanical properties of biomass has become a key concern
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when it comes to commercial use. The large changes in tensile properties during plant growth
are also a disadvantage for all-natural products, which is affected by species, fiber structure and
environmental conditions.

Table 3. Physical and mechanical properties of certain agricultural waste fibers

Types of fiber | Density gm= | Tensile strength Young’s Elongation at break | References
(MPa) modulus (GPa) (%)

Banana 0.65-1.36 51.6-55.2 3.00-3.78 1.21-3.55 [50] [51] [52]
Oil palm 0.7-1.55 227.5-278.4 2.7-3.2 2.13-5.00 [47]
Bagasse 0.31-1.25 257.3-290.5 15-18 6.20-8.2 [37, 53]
Corn stalks 0.21-0.38 33.40-34.80 4.10-4.50 1.90-2.30 [54]
Jute 1.3-1.45 300-700 20-50 1.69-1.83 [55] [56] [57]
Pineapple 1.25-1.60 166-175 5.51-6.76 2.78-3.34 [50]
Coconut (coir) 0.67-1.15 173.5-175.0 4.0-6.0 27.21-32.32 [50] [52]
Rice straw 0.86-0.87 435-450 24.67-26.33 2.11-2.25 [58] [59]
Sisal 1.45-15 300-500 10-30 4.10-4.3 [55] [56] [57]
Kapok 0.68-1.47 80.3-111.5 4.56-5.12 1.20-1.75 [60, 61]
Abaca 1.42-1.65 879-980 38-45 9-11 [55]
Flax 1.27-1.55 500-900 50-70 2.70-3.6 [57]1[62]
Kenaf 0.15-0.55 295-955 23.1-27.1 1.56-1.78 [63, 64]
Bamboo 0.6-1.1 360.5-590.3 22.2-54.2 4.0-7.0 [65]

The physical and mechanical properties of biomass fibers are very important and allied to the
structure of the biomass fibers. Biomass fibers are largely natural organic fibers that exhibit
high variability in different properties. This raises different questions in characterizing the
quality of the physical and mechanical properties of the fiber. The most important physical
property is density, while the mechanical properties of a single fiber are measured by using
modulus and tensile strength values. It is very important to reference the development of
biomass fibers as a biomaterial and the manufacture of polymer composites [66, 67]. In
conclusion, it can be seen from the literature that biomass fibers have good potential as
filler/enhancement material in polymer composites. Table 3 gives a comparison of the physical
and mechanical properties of selected biomass fibers.

3. ALTERNATIVE FILLER MATERIALS FOR BRAKE PADS

In the production of brake pads there are three types of filler components used, namely, binders,
friction modifiers, and reinforcements. The binder is a thermos resin used to bind all other
components together to form a thermal stability matrix. The fillers are used to reduce the cost
of pads. Reinforcements materials to improve the mechanical strength of the material include
mineral fiber, carbon fiber, glass fiber, steel fiber, natural fiber, and ceramic fiber [13]. The
friction modifiers are solid lubricants such as graphite and metal sulfides used to control stable
friction and wear properties primarily at high temperatures. The objectives for using alternative
materials for brake pad are to reduce the use of potentially destructive components in the brake
pad material formulation while maintaining friction properties and reducing the pad wear rate.
According to Lee and Filip [68], reducing the wear of material will likely reduce the negative
environmental impact.

There are several characteristics and criteria that must be considered when selecting
composite materials for brake pads. According to Lee and Filip [68] and Mat&jka et al. [69], the
ability of the material to resist brake fade at higher temperatures must be considered when
selecting brake pad materials. Lee [70] stated that the material must show good thermal stability
and ability to recover quickly from high temperatures or moisture. According to Matéjka et al.
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[69], the material must exhibit an appropriate value of friction coefficient and good wear
resistance.

3.1. Natural Fibers

Natural fibers are fibers derived from natural resources, and can be classified into three
categories: plant, animal and mineral fibers [26]. According to Bledzki [71], stems, bark, seeds,
and leaves can be used as natural fiber materials.

3.1.1. Maize husks

Ademoh and Olabisi [72], developed a new composite brake pad used maize husks (Figure 2)
as a filler material and epoxy resin as a binder. They analyzed the mechanical, physical and
tribological properties of the produced brake pad. It was observed that reducing the filler
content of the produced composite brake pad increased the hardness, wear rate, tensile strength,
compressive strength, and thermal conductivity, while density, the coefficient of friction, water
and oil absorption increased with increased maize husk filler content as shown in Figure 3.

Figure 2. Maize husks
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Figure 3. Wear rate analysis of the samples [72]

Studies have shown that reducing the filler content will increase the hardness, wear rate,
tensile strength, compressive strength and thermal conductivity of the composite brake pad,
while the density and friction coefficient increase with filler wt.%. as shown in Fig 4.

http://www.iaeme.com/IJMET/index.asp editor@iaeme.com



Biomass-Based Composites for Brake Pads: A Review

0.46 -
044 -
042 -

04

0.38 -

0.36 -

0.34 I

032 < —

Comp.1 Comp. 2 Comp.3  Conventional

() Coefficient of Friction

Figure 4. Coefficient of friction analysis of the samples [72]

The properties of the newly developed brake pad from maize husk were compared with
asbestos-based brake pad as shown in Table 4. The results showed that the composite brake pad
developed is environmentally friendly and is a suitable alternative to asbestos and many agro-
biomass friction materials in the automotive brake pad.

Wisdom and Abraham [73] developed an asbestos-free brake pad using corn husks as an
alternative filler with a view to replacing asbestos-based brake pads. The corn husks were
milled and sieved into sieve grades of 100 um and 200 um. The different proportions of the
selected corn husk fibers and silicon carbide were mixed together with a fixed ratio of other
ingredient such as graphite, steel dust and phenolic resin (phenol formaldehyde) as a binder to
produce a brake pad using compressional molding.

The properties such as compressive strength hardness, density, wear rate, flame resistance
and porosity of the new brake pad were determined. The results showed that the samples from
the 100 um sieve grade of corn husk fiber gave the best properties. The hardness, compressive
strength, density and porosity of the developed samples were observed to decrease with increase
in sieve size of the corn husk, while the wear rate and percentage charred increased as the sieve
size of the corn husk increased. The results obtained from the developed brake pad were
compared with a commercial brake pad and were found to be in close agreement, indicating
that corn husks can be used as an alternative filler material in the production of asbestos-based
brake pads.

Table 4. Summary of the properties of the brake pads developed from maize husks (MH) compared
with asbestos-based brake pads [72]

Properties Asbestos-based Maize husks-based
Wear rate (mg/m) 3.800 2.146
Tensile strength (MPa) 7.00 20.22
Hardness 101.0 127.8
Compressive strength (MPa) 110.0 103
Friction coefficient 0.30 - 0.40 0.37-0.40
Thermal conductivity (W/mK) 0.539 0.251-0.372
Specific gravity (g/cm3) 1.890 0.853
Thickness swells in SAE oil (%) 0.30 0.58
Thickness swell in water (%) 0.9 0.91
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3.1.2. Sugar cane fiber (bagasse)

Aigbodion et al. [74] developed a new asbestos-free brake pad using bagasse (Figure 5) as a
filler material, with phenolic resin (phenol formaldehyde) as a binder with a view to using it as
a substitute for asbestos in brake pads because it is carcinogenic. They also investigated its
mechanical, physical and tribological properties, which included hardness, microstructure
analysis, density, compressive strength, flame resistance, water, and oil absorption.

Figure 5. Sugar cane fiber (Bagasse) [75]

The microstructure results showed that the resin distribution in the bagasse was uniform.
Their results showed that the finer the sieve particle size, the better the properties of the new
brake pad. The hardness, compressive strength, and density of the samples produced decreased
when the sieve grade increased, whereas the oil soak, percentage charred, water soak and wear
rate increased as sieve grade increased. The results show that bagasse can be effectively used
as an asbestos substitute in the manufacture of brake pads by using bagasse of 100 um sieve
grade with 70 % and 30 % composition of resin.

3.1.3. Banana

Idris et al. [10] developed a non-asbestos brake pad using banana peel waste (Figure 6) as a
filler with phenolic resin (phenol formaldehyde) as a binder. The work varied the resin content
from 5 wt% to 30 wt% with an interval of 5 wt%. This work investigated and tested for
mechanical, physical, wear, and morphological properties of the new brake pad. The samples
containing non-carbonized banana peels (BUNCp) with 25 wt% and carbonized (BCp) sample
with 30 wt% gave the best properties in all the samples.

Figure 6. Banana peel [10]
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The results of the study (Table 5) showed that hardness, compressive strength, and specific
gravity of the samples were increased with increase in wt% of additional resin. The result also
showed that water absorption decreased as the wt.% resin increased.

Table 5. Summary of carbonized and non-carbonized based brake pad results compared with asbestos-
based brake pads [10]

Properties Commercial brake Laboratory Laboratory formulation
pad (asbestos-based) | formulation (banana |(banana peels carbonized
peels uncarbonized at at 30% resin)
25% resin)
Friction coefficient 0.3-0.4 0.40 0.35
Specific gravity (g/cm?®) 1.89 1.26 1.20
Hardness values (HRB) 101 98.8 71.6
Compressive strength 110 95.6 61.20
(N/mm?)
\Wear rate (mg/m) 3.80 4.15 4.67
Thickness swell in water 0.9 3.21 3.0
(%)
Thickness swell in SEA Oil 0.3 1.15 1.12
(%)
Flame resistance (%) Charred Charred ash Charred ash
ash 9% 12% 24.67%

From Table 5 it is evident that the carbonized and non-carbonized based brake pads are in
good agreement with commercial brake pads. Therefore, these formulations can be used to
produce asbestos-free brake pads based on the expected dimensions of the brake pads as per the
study (Peugeot 504 brake pad prototype with a length of 77 mm, friction depth of 12 mm and
width of 65 mm). The prototype produced from banana peel particles showed that the
formulation can be used in the production of automotive brake pads without adding any binder
to the formulation. The result of this research revealed that banana peel particles can be used as
a substitute for asbestos in the manufacturing of brake pads.

3.1.4. Rice husk dust

Shahril Anuar Bahari et al. [76] investigated the hardness and impact resistance properties of
an automotive brake pad produced with rice husk dust (RHD) (Figure 7) as an alternative filler
material. The dust was obtained with different sizes of mesh (80 mesh and 100 mesh) with other
materials at different percentages of composition (10 % and 30 %). Phenol formaldehyde was
used as a binder. Regarding the brake pad composed with fine mesh size, the results showed
that a decrease in the percentage of rice husk dust showed an increase in the coefficient of
friction, and a decrease in the percentage of rice husk dust in the mixture also decreased the
wear rates, therefore rice husk dust increased the frictional performance. Thus, the smaller
particle size of rice husk dust performed better as a filler material within a higher percentage of
the composition. This study has shown that a high percentage of rice husk dust has a good result
on hardness and impact resistance properties.
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Figure 7. Rice husk

3.1.5. Pineapple

Felix and Prasanth [77] developed an asbestos-free brake pad using pineapple leaf fiber (PALF)
as a filler material. Epoxy resin was used as a binder because it has good mechanical properties.
They varied the samples with different percentages of pineapple leaf fiber and examined the
compressive strength impact, hardness, flexural, density, and wear. Their results showed that
with the increase in the percentage of PALF content, the compressive strength, hardness and
wear decreased. Compressive strength, hardness, and wear of different samples decreased with
an increase in the percentage of PALF, whereas the water absorption rate increased as the
percentage of pineapple leaf fiber increased.

3.1.6. Coconut fiber

Bahari et al. [78] used dried coconut husks (Figure 8) as a filler material and phenolic resin
(phenol formaldehyde) as a binder. They determined the friction coefficient and characteristics
of the heat resistance of the developed brake pads with size 80 mesh and 100 mesh, as well as
the percentage (10 % and 30 %) of coconut husk particles. The results showed that the brake
pads with 100 mesh and 10 % coconut husk particles composition had the highest coefficient
of friction. In terms of heat resistance, the composition of the brake pad with 100 mesh and 30
% of coconut husk dust showed the highest decomposition temperature which increased the
thermal stability due to the high proportion of the coconut husk particles in the composition.
The results also showed that the asbestos-free brake pad from coconut husk particles had better
heat resistance than commercial brake pads.

Figure 8. Coconut fiber [79]
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Maleque et al. [79] used coconut fibers as filler material with phenolic resin as a binder, and
reinforced aluminum composites, for the application of automotive brake pads. Four different
combinations of coconut fiber content such as BP1, BP2, BP3 and BP4 varied from 0, 5, 10 and
15 volume friction using a metallurgy technique for the development of a new composite
material. They examined density, porosity, microstructural analysis, hardness and mechanical
properties using a densometer, scanning electron microscopy (SEM), hardness tester and
universal testing machine. The properties of the coconut fiber composites improved from the
sample with 5 % (BP2) and 10 % (BP3) when they achieved lower porosity, higher density, and
higher compressive strength. The compressive strength indicates that the 10 % coconut fiber
had the best strength to bear the load applications and the best ability to carry the compressive
force. The microstructure showed a uniform distribution of resin and coconut fiber in the matrix.
The results showed that 5 % and 10 % had better physical and mechanical properties than other
formulations.

3.1.7. Palm kernel fiber

Ikpambese et al. [80] investigated the properties of asbestos-free automobile brake pad filler
material produced from palm kernel fiber (PKF) (Figure 9) together with epoxy resin as a
binder. They added 100 um of PKFs in varying percentages with aluminum oxide (Al203),
calcium carbonate (CaCOs) and epoxy polymers and other ingredients to produce the
composite. They investigated mechanical properties, physical properties, tribological
properties, and microstructure analysis. The composition of 40 % of epoxy resin, 10 % of palm
waste, 6 % of aluminum oxide (Al203), 29 % of graphite and 15 % of calcium carbonate
(CaCOs) had better properties than other compositions tested. The results show that the
properties of the developed brake pad such as the coefficient of friction, temperature, wear rate,
stopping time and noise level, moisture content, specific gravity hardness, surface roughness,
porosity, water, and oil absorption rate were stabled with speed increased. Furthermore, the
values obtained from the PKF parameters were within the standard requirements for
commercial brake pad performance. The researchers’ results showed that PKF can be used as a
substitute filler material for asbestos brake pads, with epoxy resin as a binder.

Figure 9. Palm kernel fiber [80]

Achebe et al. [3] developed a non-asbestos brake pad material using palm kernel fiber (PKF)
as an alternative filler base material in conjunction with epoxy resin as a binder. They
investigated the physical and mechanical properties of the three sets of composition made using
standard materials, procedures, and equipment to determine their suitability and possible
performance. The results of their studied showed that sample C with 40 % PKF content with
hardness 178 MPa, compressive strength 96.2 MPa, abrasion resistance 1.67 mg/m) specific
gravity 1.8 g/cm3, water absorption 1.86% and oil absorption 0.89% had the best performance
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rating. The sample C result was used to produce the brake pad. The results obtained were
compared with other studies using common brake pads made from other material including
asbestos; the result showed that hardness, wear resistance and specific gravity of the composite
brake pad increased as the filler content increased, while water and oil absorption decreased as
the filler content increased. This showed that palm kernel fiber is a possible alternative material
for asbestos as a filler material in the production of automotive brake pads.

3.1.8. Palm slag

Ruzaidi et al. [81] used palm slag as a filler for the production of brake pads with phenolic resin
as a binder. They examined properties which include hardness, compressive strength, and wear
behavior of the new composite. The results showed that in the composite formulation used to
produce the brake pads, palm slag has great potential to replace existing fillers.

Ruzaidi et al. [82] used palm slag (agro-waste) as filler material together with calcium
carbonate (C.COz) and dolomite in the brake pad material to increase the performance-to-cost
ratio. Phenolic resins were used as a binder with other friction additives. They also investigated
thermal properties, compressive strength, and wear behavior. The results showed that the
thermal stability of the palm slag material showed a higher performance in the range of 50 °C
to 1000 °C compared to the other two fillers. This showed that palm slag can be used as a
substitute to the present fillers in composite formulations used to fabricate brake pads.

3.1.9. Lemon peel powder

Ramanathan et al. [83] developed and evaluated an ashestos-free brake pad using lemon peel
powder as a filler material and epoxy resin as a binder. They varied the percentage of lemon
peel powder, aluminum oxide, and iron oxide composition and made two samples by employing
hand molding techniques. They investigated the wear rate, hardness, density, water and oil
absorption of the samples produced. The results showed that the first sample with the
composition of epoxy resin (40 %), Al203 (12.5 %), iron oxide (12.5 %), graphite (1 5%),
calcium hydroxide (10 %) and lemon peel powder (10 %) had better properties than the second
sample. Lemon peel powder can be used effectively as an alternative filler material for asbestos
in brake pad production.

3.2. Shell waste
3.2.1. Cocoa bean shell

Olabisi et al. [84] developed an asbestos-free brake pad using pulverized cocoa bean shell
(CBS) as (Figure 10) as filler and epoxy resin as a binder. The mechanical, physical, and
tribological properties of the non-ashestos brake pad sample were investigated. The results
showed that reducing the pulverized cocoa bean shell filler content of the brake pad increased
the wear rate, tensile strength, compressive strength, at the same time as hardness, density and
thermal conductivity varied differently. The friction coefficient increased with the increase in
the filler wt.%. After an investigation, the outcomes of their work showed that CBS, which is
an agro-waste material, can be used as a substitute for asbestos in friction lining and in the
production of automotive brake pad material.
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Figure 10. Cocoa beans

3.2.2. Coconut shell

Darlington et al. [6] produced an asbestos-free brake pad using coconut shell powder and palm
kernel shell from locally sourced raw materials and other additives with polyester resin as a
binder. They produced three different samples of brake pads in their study by varying mass
compositions of coconut shell powder and palm kernel shell. The results showed that newly
developed samples had a density between 2.55 g/cm3 and 2.78 g/cm3 while the commercial
brake pad density was 3.36 g/cm3; the wear rate was between 0.2007 g/min and 0.2733 g/min
and the commercial brake pad wear rate was 0.1873 g/min; the water absorption was between
0.0399% and 0.0522 % while the commercial pad was 0.0327 %; and, the hardness was between
3.00 and 3.41 while the commercial brake pads was 2.53. The results show that the developed
brake pad cannot meet the properties of commercial brake pads due to its high density and high
wear rate, but it can be used as a substitute for commercial products due to its environmentally
friendly compared to the asbestos brake pad that is carcinogenic nature.

Figure 11. Coconut shell

Bashar et al. [85] produced asbestos-free brake pads using coconut shells (Figure 11) as a
filler with epoxy resin as a binder matrix and other ingredients. A series of tests, including
tensile, compression, hardness, impact, wear, and corrosion, were performed to determine the
composition and optimum performance compared to the widely used commercial Honda brake
pad (Enuco) model in Nigeria. Their results showed that a higher percentage of ground coconut
shell powder gave lower breaking strength, hardness, compressive strength, and impact
strength, indicating that increased coconut powder increased the brittleness of pads.
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3.2.3. Palm kernel shell

Fono-Tamo [86] developed a non-asbestos brake pad used palm kernel shell (PKS) (Figure 12)
as friction filler material by following the standard manufacture procedures for commercial
brake pads. He evaluated the mechanical, physical, thermal and the wear characteristics of the
PKS-based brake pads compared with the values of the asbestos brake pads. The properties of
the PKS-based brake pad completely fulfilled the NIS 323 standard.

Ibhadode and Dagwa [8] developed asbestos-free friction lining materials using an agro-
waste material based on PKS as a filler material and with phenolic resin as a binder and other
components. The mechanical and physical properties of the asbestos-free pads were
investigated. Among the agro-waste shells that were studied, the PKS demonstrated more
favorable properties than others. The performance of the newly developed brake pad, under
static and dynamic conditions, was found to be satisfactorily when compared with the asbestos-
based commercial brake pad. However, more pad wear on PKS at a high vehicle speed beyond
80 km/hour was evident (Figure 13). Nevertheless, the results indicated that the palm kernel
shell may be a possible alternative for friction lining material.
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Figure 12. Palm kernel shells [4]
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Figure 13. Comparison of laboratory and commercial brake pads under static testing [8]
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Mayowa et al. [4] investigated the properties of newly developed brake pad friction material
using PKS and cow bone particles as alternative brake pad formulations. The different sizes of
the sieved graded palm kernel shell and cow bone were added into 60 % of epoxy resin and 10
% of hardener along with 30 % of different grade sizes at 120 um, 100 um and grading below
100 respectively to produce brake pad friction material. Table 8 shows the results.

Table 6. Properties of palm kernel shell and cow bone composite investigated [4]

Properties Palm Kernel Shell (PKS) Cow Bone
Hardness 55.7 HRB 46.0 HRB
Oil absorption 2.23 % 4.16 %
Water absorption 5.05 % 5.53 %
Density 1.2 glem?® 1.5 g/cm®
Impact 1.0J 15
\Wear rate 9.57E-7 g/cm 1.44E-6 g/lcm
Tensile strength 23 J/mm? 21 J/mm?
Coefficient of friction 0.735 0.677

The study reported that as the particle size increased, the density decreased. The result from
the impact test indicated that the impact strength of the higher sieved size samples was relatively
increased when compared to the finer particle size sample, and cow bone composite absorbed
more water than PKS composite. From the thermogravimetric analysis (TGA) results, it was
observed that as the percentage weight loss increased, the temperature also increased from 200°
to 500° as the sieved size of the particle increased. All the properties investigated were within
the standard requirements for brake pad production.

Samuel et al. [87] used different particle sizes of PKS to develop an asbestos-free brake pad
with an idea to replace the use of asbestos-based brake pads. The PKS was sieved into grades
of 100 um, 350 pm, 710 um and 1mm. The sieved PKS was utilized in asbestos-free brake pad
production with a ratio of 35 % to 55 % PKS, 20 % resin, 10 % graphite, 15 % steel, and 0%
20 % SiC by using compression molding. They investigated properties such as hardness,
density, microstructure, compressive strength, flame resistance, water, and oil absorption. The
result of their study showed that the 100 um samples of PKS offered better properties than other
samples. The microstructure analysis showed that the resin in PKS was regular. Their results
showed that the finer the size of the sieve particle the better the properties of the brake pad.
When their result was compared with the asbestos-based commercial brake pad, the results are
promising. Therefore, PKSa can be effectively used as an asbestos substitute in the production
of an asbestos-free brake pad.

Fono-Tamo and Koya [88] developed asbestos-free automobile brake pad materials used
factory standard procedures from PKS and more importantly its mechanical properties. The
mechanical characteristics of the developed materials were evaluated. The results of developed
brake pad showed hardness of 32.34 and shear strength of 40.95 MPa. At the same time, the
coefficient of friction was investigated, and the result showed that the pad retained a coefficient
of friction of 0.43.

Mgbemena et al. [89] developed an asbestos-free friction lining material for automobile
brake pads using pulverized PKS as base filler material and spent workshop metallic cutting
fillings as abrasives. Phenolic resin and alkyd resin were used as a binder material in this work.
The properties of the newly developed samples of friction lining material were investigated.
The thermal and friction surfaces of the samples were characterized using Simultaneous
Thermal Analyzer and Optical Stereomicroscopy (ZEISS) respectively, compared to
commercially available ones in the market produced by original equipment manufacturers
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(OEM). It was established that pulverized PKS-based brake friction lining displayed high wear
rate of 0.24 um and high char content as compared to OEM brake lining materials with a wear
rate of 0.16 um. Also, PKS based brake friction lining demonstrated better thermal stability
when it was compared to the OEM materials.

3.2.4. Cashew nut shell

Adeyemi et al. [90] produced asbestos-free automotive brake pads from a composite made of
mixed agro-waste materials namely, cocoa beans shells (CBS), maize husks (MH) and palm
kernel shells (PKS). The binder used was an epoxy resin. They investigated the physical,
mechanical and tribological properties of the new composite. The properties of the mixed agro-
waste based brake pad sample were compared with those made of single filler materials such
as cocoa beans shell (CBS) based sample pads and maize husks (MH) based sample pads. The
result of the analysis showed that as matrix wt.% formulation increased, the friction coefficient,
abrasion resistance, and water soak decreased, while the tensile strength and compressive
strength increased. However, the density, hardness, thermal conductivity, and oil soak varied
inconsistently. The results showed that mixed agro-waste (CBS+MH+PKS) particles can be
used effectively as an alternative filler material for asbestos brake pad friction materials.

3.3. Animal Waste
3.3.1. Periwinkle shell

Aku et al. [91] used spectroscopic and wear analysis to investigate the characterization of the
periwinkle shell (Figure 14) as asbestos-free brake pad material. The experiment was carried
out by using X-ray diffractometer (XRD), thermogravimetric analysis (TGA/DTA), Fourier-
transform infrared spectrometry (FTIR), and X-ray fluorescent spectrometry (XRF). They
investigated the density, hardness values and wear rate of the periwinkle shell. Their results
were compared with asbestos commonly used in the production of brake pads. The results
confirmed that periwinkle shell can be used as an alternative material for brake pad production.

Yakubu et al. [92] developed a brake pad using periwinkle shell particles (PSP) as a filler
to replace asbestos and investigated thermoset resin as a binder. They varied the PSP size from
710 um-125 pm and analyzed the wear test, surface morphology, and thermal analysis of the
samples. Their results showed that the periwinkle shell particles (PSP) size decreased from 710
um-125 pum which showed a good interfacial bonding. The wear rate of the brake pad increased
as the load and the particle size of the periwinkle shell increased. The coefficient of friction of
the developed brake pad was in the same range as the automobile brake pad standard. The PSP
had a higher temperature of maximal decomposition than asbestos which showed that PSP can
withstand higher temperatures than asbestos. The results of this research work showed that PSP
can be successfully used as an alternate filler material instead of asbestos in brake pad
production.

Yawas et al. [93] produced brake pads from periwinkle shells as a filler material with
phenolic resin as a binder. Five sets of brake pads were produced by using compressive molding
with a different sieve size of periwinkle shells (710 um to 125 pm) with 35 % resin. They
evaluated mechanical, physical and tribological properties of the periwinkle shells-based brake
pad and compared the values with asbestos brake pads. In their work, they determined the
properties and morphology of developing a PSP asbestos-free brake pad and its material was
characterized. The results of their research showed that the compressive strength, hardness, and
density of the newly developed brake pad samples increased when the particle size of
periwinkle shell decreased from 710 um to 125 um, whereas the water soak, oil soak and wear
rate decreased when the periwinkle shell particle size decreased. The research results indicated
that periwinkle shells can be used as a replacement filler material for asbestos in brake pad
manufacture.
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Figure 14. Periwinkle shell

3.3.2. Snail shell

Abhulimen and Orumwense [94] developed an asbestos-free automotive brake pad with a view
to replacing the use of asbestos, shail shell was used as a reinforcement material, while rubber
seed husk was used as frictional filler material and epoxy resin as a binder. The pulverized snail
shells were sieved into grades of 125 pm, 250 um, 355 um, 500 um, and 710 um. The composite
brake pad was developed in the ratio of 65 v% snail shell, 10 v% rubber seed husk and 25 v%
resin by using compression molding. They investigated the characterization of the snail shell
through XRD, XRF, differential thermal analysis (DTA), and TGA. They then investigated the
properties of the developed brake pad such as density, compressive strength coefficient of
friction, hardness, abrasion resistance, and porosity. The microstructure showed equal
distribution of the resin in the snail shell, and the results showed that the 125 pm grade of sieved
snail shell revealed the best properties. When the results were compared with common asbestos-
based brake pads they found that the effect of the developed brake pad was more favorable than
the asbestos brake pad. This outcome of the work confirmed that snail shells and rubber seed
husk can be used to produce alternative brake pads.

4. RESULTS AND CONCLUSION

This paper studied different agricultural wastes as an alternative to asbestos brake pads. The
results show that the performance of the waste materials was almost the same as the asbestos
brake pads but without any of the health issues and environmental impact. Brake pad production
from biomass materials to substitute asbestos brake pad materials has become the center of
research in laboratories, and many studies and investigations are ongoing, although the results
from these studies have not yet been translated into commercial applications. Similarly, it is
necessary to utilize the combinations of biomass materials at different ratios to further study
their effects on the physical, mechanical and tribological properties of brake pad production
using these various mixtures. The mechanical and physical properties of the composites are
affected by the filler content. In general, studies so far have found that as the composite filler
content of the material decreases the properties such as thermal conductivity, hardness,
compressive strength and tensile strength of the composite brake pad increase, while the
density, water, and oil absorption of the brake pad increases when the filler content of the
composite increases.

The studies by Ikpambese et al. [80] and Ibhadode and Dagwa [8] reported that an increase
in speed of a vehicle results in an increase in contact pressure between the brake pads and rotor,
consequently increasing the wear rate. Table 3 shows the characteristics of the environmentally
friendly brake pads manufactured from PKS and PKF. From these studies, it is evident that
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brake pads using palm kernel fiber (PKF) had a higher wear rate, while the brake pads using
palm kernel shell (PKS) had a low friction coefficient.

The mechanical, physical and tribological properties of these brake pads developed from
agro-waste biomass materials had certain advantages compared to commercial brake pads. The
results obtained from this laboratory work tackles the existing gap in the production of the
environmental-friendly and cheap brake pads. Agricultural waste may be effectively used as an
alternative component in the production of brake pads when properly used in conjunction with
other additives to accommodate the good performance of the brake pads. Then again,
concerning their low thermal stability, they should always be considered carefully. In
conclusion, an exciting point of these materials is that biomass demonstrates good mechanical
properties. Increased use of biomass composites product is expected to have a certain ripple
effect in the agricultural sector.

In brake pad applications, the wear resistance improved with the addition of natural fibers
as a filler to the friction formulation. Normal load and speed have a significant effect on the
wear rate of the brake pad composite. The finer the size of the sieve, the better its properties.
The small particle size of natural fibers had a positive result on the composite wear rate. The
coefficient of friction result was within the recommended standard for brake pad formulation.
Physical and chemical treatments can be used to overcome poor wettability as well as a natural
fiber with higher moisture absorption.

Agricultural waste has been used as prospect reinforcement materials for a wide range of
applications including brake pad production. The good thing about these materials is that they
are waste biomass and present good mechanical properties.

REFERENCES

[1] E. Ishidi, I. Adamu, E. Kolawale, K. Sunmonu, and M. Yakubu, "Morphology and Thermal
Properties of Alkaline Treated Palm Kernel Nut Shell-HDPE Composites," Journal of
Emerging Trends in Engineering and Applied Sciences (JETEAS), vol. 2, pp. 346-350,
2011.

[2] Z. Leman, S. Sapuan, A. Saifol, M. Maleque, and M. Ahmad, "Moisture absorption
behavior of sugar palm fiber reinforced epoxy composites," Materials & Design, vol. 29,
pp. 1666-1670, 2008.

[3] C. Achebe, J. Chukwuneke, F. Anene, and C. Ewulonu, "A retrofit for asbestos-based brake
pad employing palm kernel fiber as the base filler material," Proceedings of the Institution
of Mechanical Engineers, Part L: Journal of Materials: Design and Applications, p.
1464420718796050, 2018.

[4] M. Afolabi, O. Abubakre, S. Lawal, and A. Raji, "Experimental investigation of palm kernel
shell and cow bone reinforced polymer composites for brake pad production,” International
Journal of Chemistry and Materials Research, vol. 3, pp. 27-40, 2015.

[5] R. U. Rao and G. Babji, "A Review paper on alternate materials for Asbestos brake pads
and its characterization," International Research Journal of Engineering and Technology,
vol. 2, pp. 556-562, 2015.

[6] D. Egeonu and C. O. P. Okolo, "Production of Eco-Friendly Brake Pad Using Raw
Materials Sourced Locally In Nsukka."

[7] F. Onyeneke, J. Anaele, and C. Ugwuegbu, "Production of Motor Vehicle Brake Pad Using
Local Materials (Perriwinkle and Coconut Shell),” The International Journal Of
Engineering And Science (1JES) in, 2014.

[8] A. O. A. Ibhadode and I. M. Dagwa, "Development of asbestos-free friction lining material
from palm kernel shell,”" J. Braz. Soc. Mech. Sci. Eng., vol. 1, pp. 1-2, 2008.

http://www.iaeme.com/IJMET/index.asp @ editor@iaeme.com



(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]
[23]

[24]

Biomass-Based Composites for Brake Pads: A Review

Z. Fu, B. Suo, R. Yun, Y. Lu, H. Wang, S. Qi, et al., "Development of eco-friendly brake
friction composites containing flax fibers," Journal of Reinforced Plastics and Composites,
vol. 31, pp. 681-689, 2012.

U. Idris, V. Aigbodion, I. Abubakar, and C. Nwoye, "Eco-friendly asbestos free brake-pad:
Using banana peels," Journal of King Saud University-Engineering Sciences, vol. 27, pp.
185-192, 2015.

S. Nagesh, C. Siddaraju, S. Prakash, and M. Ramesh, "Characterization of brake pads by
variation in composition of friction materials," Procedia Materials Science, vol. 5, pp. 295-
302, 2014.

P. K. Bajpai, I. Singh, and J. Madaan, "Tribological behavior of natural fiber reinforced
PLA composites," Wear, vol. 297, pp. 829-840, 2013/01/15/ 2013.

P. L. Menezes, P. K. Rohatgi, and M. R. Lovell, "Studies on the tribological behavior of
natural fiber reinforced polymer composite,” in Green Tribology, ed: Springer, 2012, pp.
329-345.

F. M. Al-Oqla, S. M. Sapuan, M. R. Ishak, and A. A. Nuraini, "A Model for Evaluating and
Determining the Most Appropriate Polymer Matrix Type for Natural Fiber Composites,”
International Journal of Polymer Analysis and Characterization, vol. 20, pp. 191-205,
2015/04/03 2015.

M. Carus, A. Eder, L. Dammer, H. Korte, L. Scholz, R. Essel, et al., "Wood-Plastic
Composites (WPC) and Natural Fibre Composites (NFC),"” Nova-Institute: Hurth,
Germany, p. 16, 2015.

A. Shalwan and B. F. Yousif, "In State of Art: Mechanical and tribological behaviour of
polymeric composites based on natural fibres,” Materials & Design, vol. 48, pp. 14-24,
2013/06/01/ 2013.

M. Jawaid and H. A. Khalil, "Effect of layering pattern on the dynamic mechanical
properties and thermal degradation of oil palm-jute fibers reinforced epoxy hybrid
composite," BioResources, vol. 6, pp. 2309-2322, 2011.

S. Kalia, B. Kaith, and I. Kaur, "Pretreatments of natural fibers and their application as
reinforcing material in polymer composites—a review," Polymer Engineering & Science,
vol. 49, pp. 1253-1272, 2009.

T. Véisédnen, A. Haapala, R. Lappalainen, and L. Tomppo, "Utilization of agricultural and
forest industry waste and residues in natural fiber-polymer composites: A review," Waste
Management, vol. 54, pp. 62-73, 2016.

S. Kalia, A. Dufresne, B. M. Cherian, B. Kaith, L. Avérous, J. Njuguna, et al., "Cellulose-
based bio-and nanocomposites: a review," International Journal of Polymer Science, vol.
2011, 2011.

X. Li, L. G. Tabil, and S. Panigrahi, "Chemical treatments of natural fiber for use in natural
fiber-reinforced composites: a review," Journal of Polymers and the Environment, vol. 15,
pp. 25-33, 2007.

K. Pickering, Properties and performance of natural-fibre composites: Elsevier, 2008.

M. J. John and R. D. Anandjiwala, "Recent developments in chemical modification and
characterization of natural fiber- reinforced composites," Polymer composites, vol. 29, pp.
187-207, 2008.

P. Kumar, D. M. Barrett, M. J. Delwiche, and P. Stroeve, "Methods for pretreatment of
lignocellulosic biomass for efficient hydrolysis and biofuel production,” Industrial &
engineering chemistry research, vol. 48, pp. 3713-3729, 20009.

http://www.iaeme.com/IJMET/index.asp editor@iaeme.com



[25]

[26]

[27]

[28]

[29]

(30]

(31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]

Oluwafemi E. Ige, Freddie L. Inambao and Gloria A. Adewumi

S. K. Majhi, S. K. Nayak, S. Mohanty, and L. Unnikrishnan, "Mechanical and fracture
behavior of banana fiber reinforced Polylactic acid biocomposites," International Journal
of Plastics Technology, vol. 14, pp. 57-75, 2010.

M. Jawaid and H. A. Khalil, "Cellulosic/synthetic fibre reinforced polymer hybrid
composites: A review," Carbohydrate polymers, vol. 86, pp. 1-18, 2011.

T. Gorshkova, N. Brutch, B. Chabbert, M. Deyholos, T. Hayashi, S. Lev-Yadun, et al.,
"Plant fiber formation: state of the art, recent and expected progress, and open questions,"
Critical Reviews in Plant Sciences, vol. 31, pp. 201-228, 2012.

H. A. Khalil, A. Bhat, and A. I. Yusra, "Green composites from sustainable cellulose
nanofibrils: A review," Carbohydrate Polymers, vol. 87, pp. 963-979, 2012.

H. A. Khalil, S. Hanida, C. Kang, and N. N. Fuaad, "Agro-hybrid composite: the effects on
mechanical and physical properties of oil palm fiber (EFB)/glass hybrid reinforced
polyester composites,” Journal of Reinforced Plastics and Composites, vol. 26, pp. 203-
218, 2007.

K. Anigo, B. Dauda, A. Sallau, and I. Chindo, "Chemical composition of kapok
(Ceibapentandra) seed and physicochemical properties of its oil," Nigerian Journal of Basic
and Applied Sciences, vol. 21, pp. 105-108, 2013.

S. Chaiarrekij, A. Apirakchaiskul, K. Suvarnakich, and S. Kiatkamjornwong, "Kapok I:
characteristcs of Kapok fiber as a potential pulp source for papermaking,” BioResources,
vol. 7, pp. 0475-0488, 2011.

N. Reddy and Y. Yang, "Biofibers from agricultural byproducts for industrial applications,"
TRENDS in Biotechnology, vol. 23, pp. 22-27, 2005.

J. Guimaraes, E. Frollini, C. Da Silva, F. Wypych, and K. Satyanarayana, "Characterization
of banana, sugarcane bagasse and sponge gourd fibers of Brazil," Industrial Crops and
Products, vol. 30, pp. 407-415, 2009.

P. Preethi and G. Balakrishna Murthy, "Physical and chemical properties of banana fibre
extracted from commercial banana cultivars grown in Tamilnadu State," Agrotechnol S11,
vol. 8, 2013.

A. Ledo, S. M. Sartor, and J. C. Caraschi, "Natural fibers based composites—technical and
social issues,” Molecular Crystals and Liquid Crystals, vol. 448, pp. 161/[763]-177/[779],
20086.

B. Wahlang, K. Nath, U. Ravindra, R. Chandu, and K. Vijayalaxmi, "Processing and
utilization of sugarcane bagasse for functional food formulations,” in Proceedings of the
International Conference and Exhibition on Food Processing and Technology, 2012, pp.
106-112.

A. Hemmasi, A. Samariha, A. Tabei, M. Nemati, and A. Khakifirooz, "Study of
morphological and chemical composition of fibers from Iranian sugarcane bagasse,"
American-Eurasian J. Agric. & Environ. Sci, vol. 11, pp. 478-481, 2011.

M. E. S. Pardo, M. E. R. Cassellis, R. M. Escobedo, and E. J. Garcia, "Chemical
characterisation of the industrial residues of the pineapple (Ananas comosus),” Journal of
Agricultural Chemistry and Environment, vol. 3, p. 53, 2014.

H. A. Khalil, A. I. Yusra, A. Bhat, and M. Jawaid, "Cell wall ultrastructure, anatomy, lignin
distribution, and chemical composition of Malaysian cultivated kenaf fiber," Industrial
Crops and Products, vol. 31, pp. 113-121, 2010.

M. Thiruchitrambalam, A. Alavudeen, and N. Venkateshwaran, "Review on kenaf fiber
composites,” Rev. Adv. Mater. Sci, vol. 32, pp. 106-111, 2012.

http://www.iaeme.com/IJMET/index.asp @ editor@iaeme.com



[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

[56]

Biomass-Based Composites for Brake Pads: A Review

X. Zhao, L. Zhang, and D. Liu, "Biomass recalcitrance. Part I: the chemical compositions
and physical structures affecting the enzymatic hydrolysis of lignocellulose,” Biofuels,
Bioproducts and Biorefining, vol. 6, pp. 465-482, 2012,

K. G. Satyanarayana, G. G. Arizaga, and F. Wypych, "Biodegradable composites based on
lignocellulosic fibers—An overview," Progress in polymer science, vol. 34, pp. 982-1021,
20009.

G. Cicala, G. Cristaldi, G. Recca, and A. Latteri, "Composites based on natural fibre
fabrics," in Woven fabric engineering, ed: InTech, 2010.

H. Yan-hui, F. Ben-hua, Y. Yan, and Z. Rong-jun, "Plant age effect on mechanical
properties of moso bamboo (Phyllostachys heterocycla var. pubescens) single fibers," Wood
and Fiber Science, vol. 44, pp. 196-201, 2012.

H. A. Khalil, M. Jawaid, A. Hassan, M. Paridah, and A. Zaidon, "Oil palm biomass fibres
and recent advancement in oil palm biomass fibres based hybrid biocomposites,” in
Composites and their applications, ed: InTech, 2012.

M. J. John and S. Thomas, "Biofibres and biocomposites," Carbohydrate polymers, vol. 71,
pp. 343-364, 2008.

H. Abdul Khalil, M. Siti Alwani, R. Ridzuan, H. Kamarudin, and A. Khairul, "Chemical
composition, morphological characteristics, and cell wall structure of Malaysian oil palm
fibers," Polymer-Plastics Technology and Engineering, vol. 47, pp. 273-280, 2008.

C. Ververis, K. Georghiou, N. Christodoulakis, P. Santas, and R. Santas, "Fiber dimensions,
lignin and cellulose content of various plant materials and their suitability for paper
production," Industrial crops and products, vol. 19, pp. 245-254, 2004.

K. Liu, H. Takagi, R. Osugi, and Z. Yang, "Effect of lumen size on the effective transverse
thermal conductivity of unidirectional natural fiber composites," Composites Science and
Technology, vol. 72, pp. 633-639, 2012.

M. S. Alwani, H. A. Khalil, N. Islam, O. Sulaiman, A. Zaidon, and R. Dungani,
"Microstructural study, tensile properties, and scanning electron microscopy fractography
failure analysis of various agricultural residue fibers," Journal of Natural Fibers, vol. 12,
pp. 154-168, 2015.

M. Sumaila, I. Amber, and M. Bawa, "Effect of fiber length on the physical and mechanical
properties of ramdom oriented, nonwoven short banana (musabalbisiana) fiber/epoxy
composite," Cellulose, vol. 62, p. 64, 2013.

M. Sakthivel and S. Ramesh, "Mechanical properties of natural fiber (banana, coir, sisal)
polymer composites,” Science park, vol. 1, pp. 1-6, 2013.

C. Driemeier, W. D. Santos, and M. S. Buckeridge, "Cellulose crystals in fibrovascular
bundles of sugarcane culms: orientation, size, distortion, and variability," Cellulose, vol. 19,
pp. 1507-1515, 2012.

M. Rodriguez, A. Rodriguez, J. Bayer, F. Vilaseca, J. Girones, and P. Mutje, "Determination
Of Corn Stalk Fibers’strength Through Modeling Of The Mechanical Properties Of Its
Composites," BioResources, vol. 5, pp. 2535-2546, 2010.

K. Vijayalakshmi, C. Y. Neeraja, A. Kavitha, and J. Hayavadana, "Abaca fibre,"
Transactions on Engineering and Sciences, vol. 2, pp. 16-19, 2014.

C. Alves, M. Freitas, A. Silva, S. Luz, and D. Alves, "Sustainable design procedure: the role
of composite materials to combine mechanical and environmental features for agricultural
machines," Materials & Design, vol. 30, pp. 4060-4068, 2009.

http://www.iaeme.com/IJMET/index.asp editor@iaeme.com



[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

Oluwafemi E. Ige, Freddie L. Inambao and Gloria A. Adewumi

U. Bongarde and V. Shinde, "Review on natural fiber reinforcement polymer composites,"
International Journal of Engineering Science and Innovative Technology, vol. 3, pp. 431-
436, 2014.

M. Bouasker, N. Belayachi, D. Hoxha, and M. Al-Mukhtar, "Physical characterization of
natural straw fibers as aggregates for construction materials applications," Materials, vol.
7, pp. 3034-3048, 2014.

N. Reddy and Y. Yang, "Properties of high-quality long natural cellulose fibers from rice
straw," Journal of agricultural and food chemistry, vol. 54, pp. 8077-8081, 2006.

L. Mwaikambo and M. Ansell, "The determination of porosity and cellulose content of plant
fibers by density methods,” Journal of materials science letters, vol. 20, pp. 2095-2096,
2001.

S. Chaiarrekij, A. Apirakchaiskul, K. Suvarnakich, and S. Kiatkamjornwong,
"Characteristcs of Kapok fiber as a potential pulp source for papermaking,” BioResources,
vol. 7, pp. 0475-0488, 2011.

M. Soiela, A. llves, A. Viikna, and E. Erberg, "Properties of flax fiber-reinforced
polyethylene films," Cheminé technologija, vol. 36, pp. 38-45, 2005.

S. S. Munawar, K. Umemura, and S. Kawai, "Characterization of the morphological,
physical, and mechanical properties of seven nonwood plant fiber bundles," Journal of
Wood Science, vol. 53, pp. 108-113, 2007.

M. Paridah and A. Khalina, "Effects of soda retting on the tensile strength of kenaf (Hibiscus
cannobnius L.) bast fibres," Project Report Kenaf EPU, vol. 21, 20009.

A. Rathod and A. Kolhatkar, "Analysis of physical characteristics of bamboo fabrics,"
International Journal of Research in Engineering and Technology, vol. 3, pp. 21-25, 2014.

J. Biagiotti, S. Fiori, L. Torre, M. Lopez- Manchado, and J. M. Kenny, "Mechanical
properties of polypropylene matrix composites reinforced with natural fibers: a statistical
approach," Polymer composites, vol. 25, pp. 26-36, 2004.

D. Puglia, J. Biagiotti, and J. Kenny, "A review on natural fibre-based composites—Part II:
Application of natural reinforcements in composite materials for automotive industry,"
Journal of Natural Fibers, vol. 1, pp. 23-65, 2005.

P. W. Lee and P. Filip, "Friction and wear of Cu-free and Sh-free environmental friendly
automotive brake materials," Wear, vol. 302, pp. 1404-1413, 2013/04/01/ 2013.

V. Matéjka, Z. Fu, J. Kukutschova, S. Qi, S. Jiang, X. Zhang, et al., "Jute fibers and
powderized hazelnut shells as natural fillers in non-asbestos organic non-metallic friction
composites," Materials & Design, vol. 51, pp. 847-853, 2013.

P. W. Lee, Design and optimization of low-copper and copper-free automotive brake
friction materials: Southern Illinois University at Carbondale, 2013.

A. Bledzki, P. Franciszczak, Z. Osman, and M. Elbadawi, "Polypropylene biocomposites
reinforced with softwood, abaca, jute, and kenaf fibers," Industrial Crops and Products,
vol. 70, pp. 91-99, 2015.

N. A. Ademoh and A. I. Olabisi, "Development and evaluation of maize husks (asbestos-
free) based brake pad,” Development, vol. 5, 2015.

W. ASOTAH and A. ADELEKE, "Development of ashestos free brake pads using corn
husks," Leonardo Electronic Journal of Practices and Technologies, pp. 129-144, 2017.

V. Aigbodion, U. Akadike, S. Hassan, F. Asuke, and J. Agunsoye, "Development of
asbestos-free brake pad using bagasse," Tribology in industry, vol. 32, pp. 12-17, 2010.

http://www.iaeme.com/IJMET/index.asp @ editor@iaeme.com



(78]

[76]

[77]

[78]

[79]

(80]

[81]

(82]

(83]

[84]

(85]

(86]

[87]

(88]

(89]

[90]

Biomass-Based Composites for Brake Pads: A Review

S. K. Acharya, P. Mishra, and S. K. Mehar, "Effect of surface treatment on the mechanical
properties of bagasse fiber reinforced polymer composite,” BioResources, vol. 6, pp. 3155-
3165, 2011.

S. A. Bahari, K. H. Isa, M. A. Kassim, Z. Mohamed, and E. A. Othman, "Investigation on
hardness and impact resistance of automotive brake pad composed with rice husk dust,” in
AIP Conference Proceedings 2nd, 2012, pp. 155-161.

V. F. Swamidoss and Prasanth, "Fabrication And Characterization Of Brake Pad Using
Pineapple Leaf Fiber (Palf)," International Journal Of Research In Computer Applications
And Robotics, vol. 3, p. 5, March 2015.

S. A. Bahari, M. S. Chik, M. A. Kassim, C. M. Som Said, M. I. Misnon, Z. Mohamed, et
al., "Frictional and heat resistance characteristics of coconut husk particle filled automotive
brake pad,” in American Institute of Physics Conference Series, 2012, pp. 162-168.

M. Maleque, A. Atigah, R. Talib, and H. Zahurin, "New natural fibre reinforced aluminium
composite for automotive brake pad," International journal of mechanical and materials
engineering, vol. 7, pp. 166-170, 2012.

K. Ikpambese, D. Gundu, and L. Tuleun, "Evaluation of palm kernel fibers (PKFs) for
production of asbestos-free automotive brake pads,” Journal of King Saud University-
Engineering Sciences, vol. 28, pp. 110-118, 2016.

C. M. R. Ghazali, H. Kamarudin, S. B. Jamaludin, and M. Abdullah, "Comparative study
on thermal, compressive, and wear properties of palm slag brake pad composite with other
fillers," in Advanced Materials Research, 2011, pp. 1636-1641.

C. M. R. Ghazali, H. Kamarudin, J. Shamsul, M. Abdullah, and A. Rafiza, "Mechanical
properties and wear behavior of brake pads produced from palm slag," in Advanced
Materials Research, 2012, pp. 26-30.

K. Ramanathan, P. Saravanakumar, S. Ramkumar, P. P. kumar, and S. R. Surender,
"Development of Asbestos-Free Brake Pads: Using Lemon Peel Powder," International
Journal of Innovative Research in Science, Engineering and Technology, vol. 6, p. 7, March
2017.

A. . Olabisi, A. N. Adam, and O. M. Okechukwu, "Development and assessment of
composite brake pad using pulverized cocoa beans shells filler," International Journal of
Materials Science and Applications, vol. 5, pp. 66-78, 2016.

D.-A. Bashar, P. B. MADAKSON, and J. MANJI, "Material selection and production of a
cold-worked composite brake pad,” World Journal of Engineering and Pure & Applied
Sciences, vol. 2, p. 92, 2012.

Fono-Tamo and R. Sephyrin, "Agro-Waste Based Friction Material for Automotive
Application,” 2014.

Z. Elakhame, O. Alhassan, and A. Samuel, "Development and production of brake pads
from palm kernel shell composites,” International Journal of Scientific & Engineering
Research, vol. 5, pp. 735-744, 2014.

R. Fono-Tamo and O. Koya, "Evaluation of mechanical characteristics of friction lining
from agricultural waste,” International Journal of Advancements in Research &
Technology, vol. 2, pp. 1-5, 2013.

C. O. Mgbemena, C. E. Mgbemena, and M. O. Okwu, "Thermal stability of pulverized palm
kernel shell (PKS) based friction lining material locally developed from spent waste."

I. O. Adeyemi, "Development of Asbestos-Free Automotive Brake Pad Using Ternary
Agro-Waste Fillers," Development, vol. 3, 2016.

http://www.iaeme.com/IJMET/index.asp editor@iaeme.com



[91]

[92]

[93]

[94]

Oluwafemi E. Ige, Freddie L. Inambao and Gloria A. Adewumi

S. Aku, D. Yawas, P. Madakson, and S. Amaren, "Characterization of periwinkle shell as
asbestos-free brake pad materials,” The Pacific Journal of Science and Technology, vol. 13,
pp. 57-63, 2012.

A. S. Yakubu, S. Amaren, and Y. D. Saleh, "Evaluation of the wear and thermal properties
of asbestos free brake pad using periwinkles shell particles," Usak University Journal of
Material Sciences, vol. 2, pp. 99-108, 2013.

D. Yawas, S. Aku, and S. Amaren, "Morphology and properties of periwinkle shell
asbestos-free brake pad," Journal of King Saud University-Engineering Sciences, vol. 28,
pp. 103-109, 2016.

E. Abhulimen and F. Orumwense, "Characterization and Development of Asbestos Free
Brake Pad, using Snail Shell and Rubber Seed Husk," African Journal of Engineering
Research, vol. 5, pp. 24-34, 2017.

http://www.iaeme.com/IJMET/index.asp @ editor@iaeme.com



