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ABSTRACT

Research into converting waste into viable eco-friendly products has gained global concern. Using natural fibres
and pulverized metallic waste becomes necessary to reduce noxious environmental emissions due to indiscrimi-
nately occupying the land. This study reviews the literature in the broad area of green composites in search of
materials that can be used in automotive brake pads. Materials made by biocomposite, rather than fossil fuels,
will be favoured. A database containing the tribo-mechanical performance of numerous potential components
for the future green composite was established using the technical details of bio-polymers and natural reinforce-
ments. The development of materials with diverse compositions and varying proportions is now conceivable, and
these materials can be permanently connected in fully regulated processes. This explanation demonstrates that all
of these variables affect friction coefficient, resistance to wear from friction and high temperatures, and the oper-
ating life of brake pads to varying degrees. In this study, renewable materials for the matrix and reinforcement are
screened to determine which have sufficient strength, coefficient of friction, wear resistance properties, and rea-
sonable costs, making them a feasible option for a green composite. The most significant, intriguing, and unusual
materials used in manufacturing brake pads are gathered in this review, which also analyzes how they affect the
tribological characteristics of the pads.
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1 Introduction

The braking system in each vehicle plays a crucial role. Its primary purpose is to stop or reduce the
speed of a moving vehicle completely. Brakes are a crucial component of high-performance automobiles
that should only receive careful consideration for safety. The brake system is an amalgam of fluid, lines,
pedals, levers, connections, and braking devices. Choosing a material that offers strength, durability,
performance, and other qualities when designing any system is crucial. Its braking components are
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essential for a brake system to function safely and effectively. These parts include hydraulic control systems,
master cylinders, and brake callipers. Mechanical energy is converted into heat energy by brakes using
friction materials. The environment and other brake system components received the heat generated by
the friction substance. A car’s brake system consists of a disc brake and a pad, which work together to
slow down and accelerate the car. As a result of friction between the surface of the disc and the brake
pad, thermal heat is generated during the braking process. The disc and pad should not contact each
other at a high temperature [1]. Therefore, the braking system must be dependable, and brake
performance must be constant throughout their lives and under varying environmental circumstances
[1,2]. The frictional and wear characteristics of the materials used to create brake pads are heavily
influenced by their composition. Hence these materials should be stable and consistent. Various natural
fibre kinds are available for usage in a variety of applications. The former can exhibit better impact
resistance, tensile strength, and stiffness when comparing pure synthetic composites to natural fibre bio-
composites. Natural fibres can also help the composites industry in 2050 lessen their negative effects on
the environment and carbon footprint. Due to the limited supply of petroleum and asbestos
environmental concerns, green composites made from renewable resources have a very bright future in
terms of benefits to businesses, the environment, and consumers. The transition to more environmentally
friendly building practices in the automotive sector is not just a need for European rules but also a move
toward a more economically viable environment. These latter constitute a significant impetus behind the
usage of sustainable materials [2].

2 Natural Fibres as Alternatives to Asbestos Brake Pads

Numerous kinds of research have been conducted on viable alternatives to asbestos in friction brake
pads. The research considered here is those that employ eco-friendly materials such as natural fibres as
alternatives to asbestos. Tensaye et al. [3] postulated that the most vital component of a vehicle is the
brakes. He also sought a substitute for asbestos in brake pads due to their carcinogenic nature and
focused his research on banana peels. After obtaining the banana peels, they were dried to remove
moisture and were pulverized by milling. The banana powder was then sieved and mixed with carbon
powder, bronze powder, epoxy resin, and hardener in three different ratios, as shown in Fig. 1.

The best ratio yielded a tensile strength of 2.06 MPa, a bending strength of 30 MPa, a compressive
strength of 1.62 MPa, and a wear rate of 0.02 mg/m [3,4]. In contrast with the commercial pad, the
developed pad had a better wear rate but worse tensile, compressive, and bending stress [3,5]. The
authors concluded that banana peels might be used as a replacement for asbestos in manufacturing brake
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Figure 1: Mixing ratios for developed brake pads [3]
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pads. Ramanathan et al. [4] utilized lemon peel with aluminium oxide, iron oxide, epoxy resin, and hardener
to produce asbestos-free brake pads. The peels had moisture extracted from them by drying them at 32°C for
240 h (10 days) and were reduced to a fine particle powdered form. Two samples were produced using hand
moulding and were obtained by varying the composition of the stated constituent materials. The binder was
epoxy when combined with a hardener in the ratio of 4:1 (epoxy: hardener). Mild steel was used to
manufacture the mould, which had a diameter of 30 mm and was 25 mm thick. The tests conducted on
the two samples were density, hardness, wear, water absorption, oil absorption, and specific gravity tests.
Sample 1 outperformed sample 2 in every testing category, and it had the following composition: 15%
graphite, 40% epoxy, 12.5% aluminium oxide (Al2O3), 10% calcium hydroxide, 12.5% iron oxide, and
10% lemon peel powder. Sample 1 had a density of 2.00 g/cm3, an average hardness value (3 tests) of
32, wear loss of 0.5524 g (13.45%), water absorption of 0.96%, and an oil absorption of 0.01%. The
authors concluded that lemon peel might substitute asbestos in brake pads [6]. Asotah [7] investigated
using corn husks as filler material in brake pads to replace asbestos. They sourced the corn husks from a
farm, sun-dried them, and hammered them before turning them to powder using a ball mill. The corn
husks were sieved using 100 µm and 200 µm sieve sizes. The corn husks were mixed with silicon
carbide (SiC), graphite, resin, and steel dust. Five samples were created where the amount of graphite,
resin, and steel was kept constant while alternating the amount of corn husk and silicon carbide. The
binder was phenolic resin (phenol-formaldehyde) in combination with hardener, with 64.3% resin and
35.7% hardener. The tests carried out were wear rate, hardness, density, compressive strength, flame
resistance, and porosity. The sample produced using corn husk powder from the 100 μm sieve yielded
superior compressive strength, hardness, porosity, and wear rate, as seen in Fig. 2. The developed pad
was then considered alongside a commercial pad containing asbestos.

The authors concluded that the results were desirable, indicating that corn husk can substitute for
asbestos in brake pads. Sawdust is usually classified as a by-product of sawmills and has many uses and
applications. Lawal et al. [6] utilized sawdust as the base material to manufacture an asbestos-free brake
pad. 30 kg of sawdust was acquired from a sawmill; moisture was extracted from the sawdust by placing
it under the sun for one week. The dried sawdust was then pulverized using a ball mill. The powdered
sawdust was then separated into three categories distinguished by sieve sizes and sieved using 710, 355,
and 100 µm. The sawdust was mixed with silicon carbide, graphite, steel dust, epoxy resin, and hardener.
The epoxy served as the binder when mixed with the hardener in the appropriate ratio. From Figs. 3 and
4, three samples were created with the same mixing ratios, with the only difference being the particle size
of the constituents (710, 355, and 100 µm). The ratio that guided the mixing was 55% sawdust, 15%
steel dust, 5% graphite, 10% silicon carbide, and 15% epoxy. The composition was hot pressed after
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mixing; then, it was cured using an oven before being left to cool at room temperature. The developed brake
pad was subjected to various tests and analyses. The data obtained from the tests concluded that the
developed pads’ characteristics improved as the particle size decreased.

Tests were carried out on the commercial asbestos-based brake pads to form a basis for comparison.

It was concluded from the comparison that the developed brake pad is similar to and in the range of the
commercial brake pad and can, therefore, be used as a viable alternative. Also, Elakhame et al. [7] studied the
use of periwinkle as a replacement for asbestos in brake pads. The periwinkles used were bought from a
market, and moisture was extracted from the shells by employing the natural heat source (the sun)
followed by the artificial heat provided by an oven set at 105°C for five hours. The shells were then
loaded into a cone crusher, which reduced the size to 3–4 mm, then 1–2 mm after reloading. They were
then put in a ball mill for two hours and then sieved using 350, 200, and 100 µm sieves with a sieve
shaker. The developed brake pad consisted of a periwinkle shell, steel dust, graphite, silicon carbide, and
resin. Thirty samples were produced for each of the three seize sizes in varying compositions, as shown
in Fig. 5.
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Figure 3: Results of various properties of developed brake pads [6]
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The produced sample underwent various tests, including compressive strength, density, hardness, wear
rate, and oil and water absorptivity. The results showed better values for the tested parameters as the particle
size decreased. The results obtained from the smallest particle size (100 µm) were comparable with those
obtained from the commercial brake, leading to the conclusion that periwinkle shells can substitute for
asbestos in brake pads.

3 Review on Waste

Waste is described as an unwanted by-product of human activities and an inevitable after-effect of
human existence and activities. It can also be described as anything of little or no worth regarding money
and functionality. Due to the population boom, industrial activities, agricultural activities, and mining and
exploratory activities, the quantity of waste produced on the planet has exponentially multiplied [8].
There are various types of waste, but they can be broadly classified into four, namely: municipal solid
waste, agricultural waste, hazardous waste, and industrial solid waste [9]. Further explanations are given
thus:

i. Municipal Solid waste: this is usually obtained from homes, hotels, schools, shops, offices, and
workplaces. It comprises minimal food waste, paper, fabrics, glass, and metal. Some hazardous
or toxic waste in minute quantities, such as batteries, pharmaceuticals, etc. Other additions to
these vary from place to place. They can include large amounts of ash from wood being burnt
for heating during winter in temperate climates, fallen leaves from trees in arboreous areas,
vehicles, old furniture, and even faeces in places with poor sewage disposal where they are
either bagged and disposed of or bucket latrines are emptied [10].

ii. Industrial Solid waste: this type of waste includes materials involved in manufacturing, mining,
production, and several other industries. Such waste includes paper, glass, metal, ceramic,
rubber, plastic, wood, leather, solvents, resins, sawdust, sandpaper, straw, etc. Industrial waste
differs according to the country’s nature; developed countries tend to have more industrial waste
than developing and under-developed countries due to more industries and the preference to
manufacture instead of importing. Manufacturing powerhouses like China would have more
industrial waste than other countries [11].

iii. Agricultural waste: as humans, there is an inherent need to feed to stay alive, and not all parts of the
food we eat are consumable or edible. This produces waste, and as there has been a population
boom, there has been an equivalent rise in demand for food, tallying in an increase in
agricultural waste. Some sources of these agricultural wastes include rice husks, corn stalks, egg
shells, banana peels, husks of various grains, yam peels, sugarcane bagasse, tobacco stalks,
coconut husks, and shells, unwanted products from abattoirs (of which cattle husbandry has the
highest percentage), animal waste products, palm shells, etc. [12].

iv. Hazardous waste: as advancements are made in agricultural, industrial, and medical sectors and
processes, more hazardous or toxic wastes are discovered and produced annually. Hazardous
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waste is obtained from various places, including hospitals, nuclear power plants, manufacturing
industries, workshops, homes, etc. Such waste includes pesticides, insecticides, fertilizer, drugs,
detergents, engine oil, paint and paint fumes, exhaust gases from power plants, and petroleum
waste products [13].

3.1 Impact of Waste
Improper disposal or handling of waste can adversely affect animal and plant life and the environment.

The waste impact can broadly be categorized as the impact on human life, plant and animal life, and the
environment [14].

i. Impact on human life-some impacts on human life include: severe and sometimes terminal health
conditions; displacement of people from their homes due to uninhabitable environments (as seen
after the unfortunate nuclear accident at Chernobyl); loss of lives and properties; people using
face masks in cities (such as Beijing) to avoid breathing unclean air; decline in agricultural
output due to barren or unfertile lands; deaths resulting from typhoid, diarrhoea, etc. due to
unclean or polluted water [15].

ii. Impact on plant and animal life-some impacts on plant and animal life include destruction and, in
some cases, extinction of plant and animal species; death or migration of aquatic life due to
pollution of their marine habitat [16].

iii. Impact on the environment-some impacts on the environment include: global warming and melting
of ice due to the effect of greenhouse gases and other industrial activities; ozone layer depletion;
unfertile lands due to chemical spillage, nuclear accidents, or methane from landfills; poisoning
of water bodies due to chemical or waste dumping, oil spillage; unclean air due to air pollution [17].

3.2 Handling and Managing Waste
Waste is often undesirable, generated in large quantities, and adversely affects life and the environment

when not handled or disposed of appropriately. This means waste needs to be handled and managed correctly
to avoid pollution [18]. Waste has to be handled appropriately before it arrives at where it is to be managed to
aid ease of management and prevent spillage and accidents. Some of the steps involved in waste handling are:

i. Sorting the waste: various types of waste require different means of disposal. To ease disposal,
avoid injuries when handling, contamination of other waste, or formation of harmful by-
products, it is best to segregate the waste into several categories, including; paper waste, oil
waste, glass waste, plastic waste, metal waste, bio-degradable waste, chemical waste, toxic
waste, etc. [19].

ii. Labelling the waste: the various types of waste in the waste collection vessel must be clearly stated
to aid in collection, transportation, and disposal. Non-hazardous wastes do not require any specific
form of labelling. In contrast, in many nations, toxic waste is often required by law to be labelled in
a specific way (often ostentatiously using bright colours and symbols) [20].

iii. Storing the waste: the generated waste must be kept securely after it has been moved from the
collection vessels (usually comparatively small in size) and before it is transported to its
processing site. The vessels used to house or store the waste must not react with the waste to
form by-products, the vessel should be impermeable to fluids, it should not corrode or degrade
when placed in contact with the waste, the vessel should have contingencies for leakage such as
tank traps to collect leakage and avoid spillage. The storage vessels or facilities should undergo
scheduled routine or extensive checks. The vessels should be shielded from the natural elements
as much as possible [21].
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iv. Transporting the waste entails moving the waste from the point of collection to its final point. Waste
can be transported over short distances via automobiles and locomotives or over longer distances
(to places that require them or have the facilities to process them) using aircraft, watercraft, and
pipelines. For safety, the vessel used for transportation must be routinely checked, and the
shortest and safest route should be selected because spillage can still occur while in transit [22].

v. Managing the waste: this encompasses destroying or disposing of the waste and turning waste into
a valuable product or using it to do something useful. Some methods and processes employed in
disposing of waste include:

vi. Landfill: this is the oldest and most common method of waste disposal. Here waste is kept in huge
piles or pits. In the sanitary landfill, the waste is buried [22].

vii. Incineration: this is a form of thermal waste treatment. Here the waste material is burnt and leaves a
residue. It is one of the best methods for disposing of biomedical waste. It is practiced on small
scales, such as burning combustible materials at home, and on larger scales, such as industrial
incineration. It has the advantage of significantly reducing the mass of the waste material and
leaving relatively little residue. It has the disadvantage of producing and emitting harmful gases
into the atmosphere and large quantities of CO2 [22].

Some methods and processes employed in reusing waste include:

viii. Recycling involves reusing materials that would otherwise be deemed useless, such as empty cans.
This benefits the environment as fewer non-biodegradable waste materials, such as plastics, are in
the ocean. It boosts the economy as less is spent on obtaining raw materials to create these items and
creates new jobs. Some of the most common recycled items are aluminium soda cans, soup cans,
PET bottles, glass, and paper [23].

ix. Pyrolysis: This is used to obtain a substitute for conventional fuels from waste materials. The fuel
can be in the form of liquid (bio-oil), solid (bio-char), or gas (pyro-gas). Here, the waste materials
are heated up without oxygen; hence, combustion is avoided. Due to the high temperatures, the
materials decompose to form hydrocarbon gases and, in some cases, solid charcoal. In contrast
with incineration, the by-products are less harmful, but pyrolysis of some types of waste can
produce harmful gases as by-products [24].

x. Composting involves breaking down organic waste to form compost or humus, which can be added
to the soil for increased fertility and improvement. A by-product is methane gas, which can be
trapped and used for electricity generation. Composting works by the action of microorganisms,
and these organisms need four components to work appropriately: carbon, nitrogen, oxygen, and
water. These must be provided in a set ratio that will enable the compost to be heated to the
temperature range where the organic waste materials are decomposed [25].

xi. Energy Recovery involves turning non-recyclable materials into energy either in heat or electricity
or by converting them into fuels. This can be obtained from various waste management processes
such as incineration, pyrolysis, composting, and landfill gas recovery. It provides an alternative to
fossil fuels and is a means of renewable energy. It utilizes the methane generated from composting,
pyrolysis, etc., for electricity generation instead of being released into the atmosphere [26]. Waste
materials can be used to generate many valuable items. They can be remade into the items they were
before, they can be used to generate heat and electricity, and more recently, they have been used to
form composite materials.

4 Review on Composite Materials

Composite materials are materials composed of two or more different materials that have distinct
properties individually and are combined to obtain a unique combination of these characteristics and
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properties that would not have been otherwise achieved by selecting one of the materials [27]. The difference
between composites and mixtures is that in the final structure, the constituent materials remain separate in
composites. Composites are anisotropic and heterogeneous, and the constituents are separate at the
macroscopic level [28].

4.1 Classification of Composites
Composites comprise a base material (matrix) binder for the filler material (reinforcement). The matrix

(polymer, metal, or ceramic) is continuous and envelops the reinforcement, usually in fibre, fragment, or
particle form. The matrix contains the reinforcement and gives the composite the required shape, while
the reinforcement enhances the mechanical and physical properties of the matrix [29]. The matrix is
usually the weaker material and transmits or transports the load, while the reinforcement carries the load
and is the more substantial material. Fig. 6 shows the classification of composite materials based on
matrix and reinforcement materials. The matrix should have good ductility, thermal conductivity, etc.,
while the reinforcement should have high strength, stiffness, etc. [30]. Composites can be classified based
on the final structure’s constituent materials. This thus yields two classifications, which are based on
matrix materials and reinforcement materials.

Figure 6: Classification of composites [31]
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4.1.1 Based on Matrix Material
The matrix protects the reinforcement from external influences and keeps the reinforcement bonded.

Composites can be broadly classified based on the material the matrix is made of as ceramic matrix
composite (CMC), metal matrix composite (MMC), and organic matrix composite (OMC). The OMC can
be further categorized as polymer matrix composite (PMC) or carbon matrix composite (also called
carbon-carbon composite). Polymer matrix composites are very popular and have the highest application
presently [32].

i. Polymer Matrix Composite: a polymer matrix containing a reinforcement such as carbon, metal,
ceramic, glass, etc. They are relatively cheap composites due to the easy manufacturing
techniques used. The matrix is weak, and the strength of the composite material is obtained from
the reinforcement. They can be further classified into thermoset and thermoplastic composites
[30,32].

ii. Thermoset Composites: blends of various resins mixed with non-reactive fillers, fibre (used for
reinforcing), catalysts, pigments, and other materials to create compounds, which can be
moulded by injecting, compressing, or transferring. Curing is achieved via heating, chemical
reaction, or pressure to obtain an interlinked and stable molecular structure, which implies that
they cannot be melted or reformed [33]. They are the most popular matrix material and have
desirable properties such as high corrosion resistance, good surface finish, thermal resistance,
good strength, etc. The matrix is prepared by mixing resin with hardener.

iii. Thermoplastic Composites: they also combine fibre, fillers, and other materials. They are formed
under heat and solidify as they cool. Thermoplastic can be melted and reformed, giving it an
advantage over thermosets. They save more money when compared to the thermoset composite
because of non-heated tooling, take less time to produce, and the used-up parts can be recycled
to regain the raw material. The polymer matrix and the reinforcements can be recovered using
dissolution, thermal degradation, and grinding [34]. Table 1 shows the comparison between
thermoset and thermoplastic composites.

Examples of resins are polyester, iso polyester, phenolic, vinyl ester, and epoxy resins.

i. Ceramic Matrix Composite: they are made of fibre reinforcement (usually carbon, aluminium oxide
(Al2O3), silicon nitride (SiN), and silicon carbide (SiC)) enclosed in a ceramic matrix. This
composite’s advantage over traditional ceramic is ductility, as conventional ceramics are very
brittle. Ceramic matrix composites behave differently from other composite materials regarding
loading and failure. Here, the matrix is the more robust material and fails first under loading to
avoid premature failure of the brittle reinforcement fibres. Ceramics possess good refractory
properties, and as such ceramic matrix composites are used in high-temperature applications
[30,35].

ii. Metal Matrix Composite: here, the matrix must be a metal (pure metal or alloy), usually magnesium
(Mg), aluminium (Al), titanium (Ti), copper (Cu), etc., and the material used as reinforcement may
be ceramics (oxides & carbides), carbon or other metals (lead, tungsten, etc.).

Table 1: Comparison between thermoset and thermoplastic composites [34]

Thermoset composites Thermoplastic composites

Rigid and strong Elastic and flexible

Formed by heat and pressure Formed by varying temperatures

Polymer chain bound by strong chemical
bonding

Linear or branched polymer bound via weak physical
bonding
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The advantage of these composites over metals and their alloys is that they possess higher strength,
better stiffness, lower density, better thermal expansion, and better resistance to wear, creep, and fatigue.
Composites with aluminium as the matrix material are widely applied in propulsive systems (such as
automobile and aerospace systems), braking systems for locomotives and automobiles, gas turbine
engines, etc. Reinforcements such as silicon carbide and aluminium oxide can be readily mixed in molten
aluminium [35]. Due to increased stiffness, when machining these composite materials using
conventional methods, the cutting tool has a higher wear rate (due to the inclusion of hard ceramic or
metal particles) than it would have when machining the matrix material alone. Therefore, unconventional
machining methods are employed [36].

4.1.2 Based on Reinforcement Material
Fibre Reinforced Composite: here, synthetic fibres (glass, carbon, ceramic, etc.) or natural fibres

(coconut, jute, etc.) are dispersed in the matrix. As a result of using fibres as the reinforcement, the
material will yield higher strength, stiffness, and better chemical, thermal, and wear resistances
application [30,36]. Natural fibers are gaining traction because they provide high impact and fatigue
strength and have excellent specific strength and stiffness characteristics. They are also readily sourced
and comparatively cheaper than synthetic fibres, offer a means of recycling and waste reduction, and are
bio-degradable, hence, eco-friendly. They also weigh less than synthetic fibres [37,38].

Particle Reinforced Composite: these are formed by having the reinforcement in particle form (flake or
powder form) embedded in a desired matrix. An example is concrete, where coarse aggregate serves as the
reinforcement to offer strength and stiffness, while cement is the matrix that binds and keeps the
reinforcement together in shape. Fiber-reinforced composites possess higher strength than particle-
reinforced composites. Still, particle-reinforced composites have higher resistance to wear and, as such,
are used where more excellent wear resistance is needed. Another benefit of particle reinforcement
composite is their relatively low production cost and ease of manufacturing [39].

Sheet Reinforced Composite: high-strength molding composites of long glass fibres and unsaturated
resins. They are primarily used in areas where a high strength-to-weight ratio is required (such as
substantial structural fixtures) [30,39]. They are subdivided into laminated and sandwich composites. In
laminar composites, the composite is a summation of laminas that produces multiple plies. The intended
use of the composite determines the stacking and ply orientation which may vary from ply to ply. A resin
binds the composite layers, and each layer comprises fibres embedded in a matrix. Sandwich composites
contain a light material with good compressive strength sandwiched between two counter-plates with
high strength. The resulting composite material has low weight but high stiffness [32,39].

4.1.3 Advantages of Composites
Some of the advantages composite have over traditional materials include:

Lightweight: composites are considerably lighter than traditional materials such as metals while
possessing similar or even better structural properties. For example, reinforced carbon fibre is about a
fifth of 1020-grade steel in mass but can possess up to five times its strength [30,39]. This property is
beneficial in applications with a low weight-to-power ratio, such as propulsion systems or high-velocity
vehicles (e.g., rockets, high-performance cars, race cars, race boats, kayaks, etc.), and strength is also
required for safety purposes. It also has applications in sports equipment manufacturing (e.g., rackets,
bats, helmets, boards, etc.). In particle-based composite materials, the density is a function of the particle
size and shape [36,39].

Design Flexibility: they are every designer’s dream as they can be manipulated to form the most
complicated and intricate designs. Lower tolerances can be obtained using composites, and shrinkage
allowances are significantly reduced compared to metals. Also, densities and other properties can be
varied to serve different purposes [27,39].
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Lower Cost: it costs much less to produce components using composites than if metals were employed.
Much more material would have to be used to achieve the desired design parameters if conventional materials
are employed in some products. In contrast, a thinner composite material layer can achieve said parameters
for a lesser cost [37,39].

Higher Productivity and Part Consolidation: production time is massively reduced by employing
composites because post-moulding machining is often unnecessary. Also, single components can perform
assemblies’ functions due to a wide range of properties [29,39].

Corrosion Resistance: the major problem with metals is that they corrode when exposed to specific
conditions and environments, limiting the application of certain types of metals to specific conditions.
Most composites do not have this issue and can be used in various environments. A significant example
is using composites in biomedical engineering for body implants, such as hip replacements [40].

Low Weight-to-Strength Ratio: metals are pretty strong but also very heavy; composites are as strong or
stronger than metals while weighing less. This is especially relevant in aeroplanes as they have solid
materials but also at the least weight possible. Composites offer the highest strength-to-weight or lowest
weight-to-strength ratios among any materials currently being used [29,40].

High Impact Strength: they can be engineered to withstand and contain impacts such as the force of a
moving bullet or an explosive blast. This gives them preference when selecting bulletproof vests and armour-
plating materials for vehicles, buildings, and aircraft [29,40].

Other advantages composites possess over conventional materials include electric insulation, thermal
resistance, durability, high strength, good surface finish, non-magnetic, chemical resistance, damping,
flame retardant, radiopacity, acoustic, puncture resistance, wear resistance, etc. [30,40].

4.2 Uses and Application of Composites
Composite materials have various applications in engineering practice due to their vast array of desirable

physical and chemical properties and characteristics, which cannot be obtained from a single conventional
material. Some of these applications are listed below:

Aerospace: composite materials are used in several aircraft parts, such as the wings, fuselages,
bulkheads, etc. It is used here because of its desirable properties such as lightweight, design flexibility,
corrosion resistance, thermal resistance, high strength, etc. On aircrafts low weight-to-power ratio is
desirable and this is accomplished by using lighter materials [41].

Appliances: composites are used in frames, handles, and panels on various equipment, tools, and
appliances such as washing machines, dryers, ovens, refrigerators, etc. [42].

Automobiles: composites are now being used on panels, dashboards, and some furniture as a means of
weight-saving on high-performance cars and cost-saving on some economy cars [43].

Racing: composites such as reinforced carbon fibre are now commonplace on race cars where the goal is
to go as fast as possible, and this can be achieved by making the car as light as possible coupled with a
powerful engine. This is achieved using composites due to their lightweight nature [44]. Also,
aerodynamics is as essential as the power produced, and the composites can easily be formed into the
desired shapes. Safety is also essential since the vehicle moves at very high velocities, and the
composites possess high impact strength to withstand excessive deformation on crashing. Composites are
used not just on the panels and the interior but to make the bodywork [45].

Marine: most waterbodies travel in salt water, which is corrosive. This poses a challenge to most
watercraft as they are usually made of metals that tend to corrode. Composites offer a solution to this
problem because they are corrosion-resistant and have the added benefit of being lightweight, making the
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vessel travel faster. They possess high impact strength, which enables them to withstand the impact of
waves [46].

Corrosive or harsh environments: composites are preferred to metals in corrosive applications due to
their corrosion resistance. This includes chemical plants, water treatment plants, pipes, pumps, and
refineries [47].

Construction: one of the most popular composite materials is concrete, used in almost all construction
activities [48]. Other applications of composite materials in construction include roofing, doors, windows,
frames, and other fixtures [49].

Civil: due to their high strength, thermal resistance, and other properties, composite materials can be
used for reinforcement and structural purposes on civil projects such as bridges, roads, etc. [40].
Numerous composite materials exist today as engineers aim for improved material selection to yield
optimum results and maximize profits. Some examples of these materials include paper-mâché, polyvinyl
chloride (PVC) pipes, fibreglass, reinforced carbon fibre, plywood, ceramic matrix composite, metal
matrix composite, reinforced concrete, and brake pads [50].

5 Review on Natural Fibres

Natural fibres are primarily obtained from plants and animals but can also be obtained from minerals.
Examples of plant fibres include cotton, jute, kenaf, coconut, sugarcane bagasse, etc. Examples of animal
fibres include wool, silk, angora, mohair, etc. [51].

Natural fibres can reinforce composite materials; these composites containing natural fibres are called
biocomposites. Compared with synthetic fibres, they offer the advantages of being less dense (resulting in
lighter composites), better thermal insulation, lower costs, lesser skin irritation, and being bio-degradable.
Synthetic fibres are more substantial than natural fibres [52].

5.1 Classification of Natural Fibres
Natural fibres can be classified into plant and animal fibres depending on the source from which they are

obtained. Fig. 7 shows the classification of natural fibres.

Plant Fibres: these are fibres obtained from different parts of a plant. They can be further classified
according to the part of the plant the fibre is sourced from [54].

Seed Fibre: the fibres are sourced from the seeds of the plants [55]

Leaf Fibre: these are fibres sourced from plant leaves, e.g., pineapple, banana, etc. [56].

Figure 7: Classification of natural fibres [53]
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Bast Fibre: the fibres are sourced from the outer cell layer of the stem of the plants, e.g., jute, kenaf, flax,
etc. [50].

Fruit Fibre: these are fibres sourced from the fruits of trees, e.g., coconut coir, etc. [57]

Stalk fibre: these are fibres sourced from plant stalks, e.g., bamboo, wheat, rice, etc. [58]

Animal Fibres: these are fibres retrieved from animal parts. Animal fibres usually comprise proteins like
chitin, collagen, keratin, and fibroin [59].

Hair Fibre: fibres sourced from hairy animals, e.g., sheep wool, goat hair (mohair), horse hair, angora,
etc. [60].

Serictery Fibre: fibres obtained from insects’ glands during their cocoon preparation. e.g., silk [60].

When combined with a polymer matrix, plant fibres form the most common type of natural fibre
composite. The resin or matrix material determines whether the composite will yield a thermoset or
thermoplastic composite [61]. Fig. 8 shows the constituents of a natural fibre composite.

5.1.1 Coconut Fibre
The coconut (cocos nucifera) is a plant under the family of arecacaeae (Palm family) and the subfamily

cocoideae [63]. The constituents of coconut from the outermost part inwards are; a thin layer of hard skin
(exocarp), a thick layer of fibre called the husk (mesocarp), a hard shell (endocarp), the white kernel
(solid endosperm/copra) and a cavity filled with a liquid called coconut water/milk (liquid endosperm)
[64]. Fig. 9 shows a cross-section of coconut fibre.

5.1.2 Physical and Mechanical Properties of Coconut Fibre
Marimuthu [65] performed a study on a composite material containing glass fibre, coconut fibre, and

epoxy in a ratio of 1:3:6. The inclusion of coconut fibre increased the mechanical properties of the
composite such as its hardness, impact strength, and flexural strength while also reducing its tensile
strength and density.

Figure 8: Constituents of a natural fibre composite [62]
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In a study carried out by Gopinath et al. [66], polyester and epoxy resin served as the matrix, while
E-glass, jute fibre, and coconut fibre were used as reinforcement in their respective composite mixtures.
Several mechanical and physical tests were carried out on the produced samples. The results showed that
the E-glass had better tensile, flexural & and impact strengths, and hardness among the three
reinforcements. The coconut fibre had better values for tensile & and impact strengths and hardness than
the natural fibers. The synthetic fibre had better overall values, but the cost of the natural fibres made it
an attractive alternative. Among the natural fibres, the coconut proved superior from the concluded tests.
Somashekhar et al. [67] researched the mechanical properties of a polymer composite material reinforced
with coconut shell powder and tamarind shell powder with an epoxy resin matrix. Three different mixing
ratios were used, and from the results obtained, the best values were obtained when the ratio was 50%
coconut shell, 5% tamarind, and 45% epoxy resin. It was discovered that including coconut shell and
tamarind, shell powder increased tensile properties by 50%. Tests carried out include bending tests,
tensile strength tests, Rockwell hardness tests, water absorption tests, and flexural strength tests.

Yashas et al. [68] performed research operations on polymer matrix composites that utilized natural
fibres as reinforcement materials. The experiment was done on both thermoplastic and thermoset
polymers. Among the thermoplastic polymers, when polypropylene was used as the matrix material and
coconut fibres were used as reinforcement, it was noted that there was an increase in flexural strength and
other properties like tensile and impact strengths increased with the addition of more reinforcement fibres.
Optimal values were obtained when the reinforcement was 30% of the total weight. The composite
material’s water absorption was reduced due to good adhesion between the matrix and reinforcement.
When polyethylene was used as the matrix material, adding coconut fibre as reinforcement for the high-
density polyethylene (HDPE) matrix yielded better mechanical properties when compared to the HDPE
matrix on its own. The mechanical properties were directly proportional to the amount of coconut fibre
reinforcement, as an increase in the amount of coconut fibre yielded a corresponding increase in the
mechanical properties of the matrix. Among the thermoset polymers, a polyurethane polymer matrix was
used with natural fibre reinforcement. Castor oil resin was the matrix and was combined with coconut
and sisal fibres, respectively. The sisal fibres combination yielded better results than its coconut fibre
counterpart. An increase in the amount of fibre in the composite yielded an increase in tensile strength,
rigidity, and water absorption, as well as a decrease in bending strength [68].

6 Biocomposites: Review of Materials for Automobile Application

For composite, the matrix is constant while the reinforcement varies, dispersed within the matrix in the
form of fibrous or particulates. The essence of composite development is to enhance toughness, strength, and
stiffness properties. Wood, bone, plastics, etc., are examples of composites. Environmental concerns exist
about specific composites that are not biodegradable and recyclable, such as plastics. Thus, several types

Figure 9: Cross section of coconut [64]
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of research were made to develop composites that contribute to reducing global warming and improving the
ecological system [69]. This is by sustainable development goals 7 & 13 and net zero emission target cum
global 1.5°C temperature reduction by 2030. Biopolymer composites are considered an option to explore in
improving the environment. Biopolymers, bio-fillers, and biocomposites are biodegradable, abundantly
available, low in cost, and highly stiff. Biocomposites or green composites are composites that occur
naturally or are made of cellulosic materials employed as reinforcement. A biocomposite can be formed
from the combination of natural fibres with polymers. There exist various biocomposites such as natural
fibres, natural resin, and hybrid reinforcement. Natural fibres are cellulose, protein, and mineral fibres.
Food starch, bio waste, and agricultural waste can be utilized as natural fibre. Natural resins are gums,
glues, gum Arabic, and hard resin copal amongst others [69]. Hybrid reinforcement is a result of a
combination of different fibres into a single matrix to form a hybrid biocomposite. Two hybrid
composites can be formed by following the rule of mixture as depicted in the equations:

PH ¼ P1V1 þ P2V2 (1)

MA ¼ M1V1 þM2V2 (2)

where MA is the property under investigation. M1 and M2 are properties of the first and second systems. V1

and V2 are the volume fractions for the systems. The rule of mixture can be applied to simple situations such
as composite density. It cannot analyze accurately the mechanical properties but hypothesis elasticity can be
used to analyze it as it is more complex than the rule of mixture [69].

Let ma ¼ mb þ mc (3)

where ma is the total mass of the composite, mb is the mass of the fibre and mc is the mass of the matrix,
respectively. The equation is valid irrespective of the void in the composite. The volume of the composite
must also be accounted for by considering the volume of the void [69]. Therefore,

va ¼ vb þ vc þ vd (4)

where the v subscripts are the volumes a, b, c & d represent the volume of total composite, fibre, matrix, and
void. By dividing Eq. (3) by ma and Eq. (4) by va, we have

Mb þMc ¼ 1 (5)

and

Vb þ Vc þ Vd ¼ 1 (6)

where Mb, Mc, Vb, Vc, and Vd are the mass fractions of fibre, matrix, and volume fractions, respectively. The
composite density, q ¼ m=v becomes

qa ¼
ma

va
¼ mbþmc

va
¼ qbvb þ qcvc

va
(7)

where the last term numerator in Eq. (7) is the composite density in terms of volume fraction. qa, qb and qc
are densities of the total composite, fibre, and matrix, respectively. We can express qa with respect to the mass
fractions [69]. Therefore,

qa ¼
ma

va
¼ ma

vb þ vc þ vd
¼ ma

mb

qb
þ mc

qc
þ vd

(8)

qa ¼
1

Mb

qb
þMc

qc
þ vd
qd

(9)
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Rewriting Eq. (9) to obtain the volume fraction,

qa ¼
qa

qa
Mb

qb
þMc

qc

� �
þ vd

(10)

Making vd the subject of the formula

vd ¼ 1� qa
Mb

qb
þMc

qc

� �
(11)

Biocomposite can be developed by utilizing biowaste and biobased polymers that are available and
contribute to overall low-cost of production not compromising its excellent mechanical properties. There
is research to improve biocomposite to have appreciable load-bearing capacity. The introduction of bio-
resin and biopolymer is part of the improvement of biocomposite. The authors recognized the impact of
natural fibre on polymer matrix and recommended the discontinuation of materials that pose an ecological
risk to humanity. The automobile industry was spotted as the predominant application of biocomposite [69].

In a separate review, the authors reviewed green composite to sort suitable materials for automobile
applications. The shift to a more sustainable material did not just stem from cost efficiency or a more
viable environment but from EU regulation that wants a more sustainable city and zero emission
environment. Natural fibre according to the researchers is lightweight and cost-effective compared to the
synthetic fibre and steel used in autobody. The feasibility of mechanically green composite hinges on
how fair it is compared with synthetic ones in the market [1,69]. Another author worked on bio epoxy
resin as a replacement for matrixes such as polyester, epoxy, and polymer amongst others. The research
reveals that biocomposite prepared using resin as a matrix yields 90% impact strength compared with
industrial hemp fibres [70]. The authors [71] employed bio-sourced materials to develop resin matrix-
based brake pads. The test samples showed comparable mechanical resistance and tolerated severe
stresses to commercial brake pads. Their work attested to the possibility of developing a greener auto-
brake pad with tunninsfuranic resin binder and abrasive particles dispersed into it. The biobased resin
material can replace oil-derived resins or petrochemical resin under extreme conditions [71]. The
increment of phenolic resin content in slag waste for braking application resulted in hardness and shear
stress upscale. Thermoset phenolic resin performs the function of bonding the materials together and is
responsible for determining the tribological characteristics of brake pad material. The combination of fly
ash and phenolic resin yielded a high coefficient of friction according to [71] the interaction of water-
quenched slag fibre and phenolic-based resin resulting in an enhanced frictional coefficient. The authors
reviewed the combination of different natural fibres with polymer reinforcement. The aim was to regulate
polyester resin with biocomposite to make products that can be used for different applications. Fillers are
to improve manufacturability by partially replacing the overall base materials to reduce the overall cost of
production. Fillers are also introduced to improve the mechanical properties of biocomposites [72]. The
content of the fibre, the fibre length, the material composition of the filler, and the fibre treatment are
factors that improve the properties of biocomposites. Polymer combines with these fibre properties to
form a polymer matrix composite material. They are composed of the reinforcement phase and matrix
phase. Epoxy resin has been widely used as a matrix element in the makeup of biocomposite [73]. The
authors endorsed the use of resin for eco-friendly composite as it possesses results that apply to various
industrial demands. biocomposites also known as green composites are good replacements for polymer
matrixes in developing composites [74]. Lignin polymers such as soda lignin, sulphuric acid lignin
(SAL), and heat-treated SAL were used as frictional materials to substitute phenolic formaldehyde resin
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[75]. The authors were positive with the view of petrochemicals being replaced with bio-sourced chemicals
due to oil price increases [76].

6.1 Materials Used for Brake Pad and Tribo-Mechanical Properties
Due to the interaction of the brake pad with the rotating disc, the brake pad should have the capacity to

withstand heat as friction generates heat between the brake pad and the rotating disc. Therefore, materials
should possess thermal stability at high temperatures as their decomposition will compromise their
performance in service [77]. A high friction coefficient material is sought for in achieving a prolonged
service life. Agricultural and industrial wastes are employed to form a brake pad composite which are
viable replacement for the carcinogenic asbestos material. Composites that are blended to form brake
pads must be composed of filler, reinforced fibre, friction additives, and abrasives. The brake pad is
developed from these blended materials in different compositions. The purpose of the reinforcement is to
improve the mechanical properties of the composite. The binder is to keep the brake pad structure bonded
when undergoing mechanical and thermal stresses. The binder prevents the microstructure from
collapsing. Abrasives and lubricants are frictional materials to increase the coefficient of friction and
stabilize the COF at elevated temperatures.

Ikpambese et al. [78] developed brake pads using 40% epoxy resin, 10% palm waste, 6% Al2O3, 29%
graphite, and 15% CaCO3 were outstanding percentage compositions. Palm kernel fibre composite served as
a viable replacement for the commercial asbestos brake pad. Ruzaidi et al. [79] used waste materials such as
palm slag, dolomite, and CaCO3 as filler materials. Steel fibre and phenolic resin were used. However, the
performance was not impressive compared to palm slag and CaCO3. Palm Slag showed better thermal
stability at 50°C–100°C. the authors concluded that phenolic resin cannot be relied upon at high
temperatures due to weight loss at 150°C. Ibhadode et al. [80] used PKS, agro waste material, and
compared it with other kernel shells such as Hyphaene thebaica kernel shell (HTKS) and deleb PKS
(DPKS). Refining PKS according to the authors will improve its wear rate at high vehicle speeds. Banana
peel and phenolic resin were combined to develop 25% wt uncarbonized banana peel and 30% wt
carbonized banana peel. The latter was seen to provide better performance and recommended as a
replacement for the asbestos brake pad type. However, the tribological properties will give more insight
into its viability as brake pad material [80]. High coefficients of friction, low wear rates, high heat
dissipation rates, good resistance to water swelling, dimensional stability at high temperatures, high
tensile, compressive, and shear strengths, low water and oil absorption rates, and low thermal
conductivity are important considerations when choosing materials [81]. Manufacturers of brake pads use
almost 2,000 different materials, each of which has a different impact on the finished product [81,82]. A
typical brake pad contains 10 to 20 different materials. It is challenging to choose the ideal brake pad
composition and foresee how it would affect the finished goods. It necessitates extensive research and
experience in plenty [83]. The decision must also take into account the operating circumstances and the
brake pad’s intended purpose [84]. Production technology, which is typically the best-kept secret of every
manufacturer, also influences the brake pad’s final characteristics [85,86]. The tribological characteristics
of the brake pad might be 100% better with an efficient production method. Different criteria can be used
to classify the materials that are used to make brake pads [86].

The most significant one is the part the composite plays while braking. Binders, additives, fillers, and
abrasives are available based on this standard. The flue that holds all of the pad’s components is the
binder. This substance must have a high and steady coefficient of friction, be resistant to high and abrupt
temperature changes, and have a low bulk (the binder typically makes up 20% of the pad volume). The
material must also not react with any other part of the pad as this could modify its general material
properties or result in the composite’s delamination, both of which would significantly reduce the braking
system’s effectiveness. Typically, epoxy or silicone resin is used as the binder [87]. The reinforcement is
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a fibrous substance (one or more) that enhances the mechanical properties of the binder (raising its strength).
The endurance and resistance of the brake pad are greatly influenced by the various types of reinforcement
materials; as a result, the choice cannot be made at random. Asbestos was a superior reinforcing fibre in the
past. Finding a substitute, which is now not at all difficult given the wide variety of materials that may be used
successfully for this purpose, was necessary due to the material’s detrimental characteristics [81,87].
Abrasives are used to change the coefficient of friction (increase or decrease it). Due to their hardness,
additives like steel, cast iron, flame-resistant oxides, silicates, or quartz can increase the coefficient of
friction between the brake pad and disc, extending the pad’s useful life. The adherence to the disc
material, particularly in the case of metals, also strengthens the effect. Contact zones, which are the
primary sites of friction in the two components, are also produced by the substances. Unfortunately, high
temperatures are produced because of the friction in the contact areas. This can result in the structure of
the pad being destroyed and the separation of its parts. For this reason, lubricants are employed, which
typically enhance the pad’s thermal conductivity. The removal of energy from the contact region is
enhanced by lubricants, which also keep the friction components from overheating. Graphite and metallic
sulfates (such as copper or tin) are the most widely used lubricants. Their lubricity is influenced by the
pad’s volume (around 10% of the total volume produces the optimum results) and the size of the
lubricant particles [87,88].

Friction materials are often the main component of a brake pad. Brake pads can be divided into the
following categories based on the type of friction material they contain metallic, where steel, copper, or
another metal serves as the primary friction material; the pad is characterized by high resistance and
thermal conductivity; cooperation with a cast iron disc results in deep scratches and cavities in the
material (due to adhesion); this can cause unwelcome noise and quickly spreading corrosion. Semi-
metallic-the friction material consists of a mix of metals and organic components, offering good friction
and strong heat conductivity; similarly, to metallic pads, wear may be quicker, as well as noise during
braking and corrosion [89]. Non-asbestos organic or ceramic-the primary component is typically an
organic material reinforced with aramid, glass, or ceramic fiber; this design ensures high durability,
resistance to high temperatures, low wear rate, lightweight, and quiet operation; however, due to the
complexity of the manufacturing process, this type of solutions may be very expensive, and because of
the material’s high hardness, it may be brittle [89].

6.1.1 Binder
Resins are frequently utilized as binders to create bonds. They must be added in precisely calculated

amounts since only then will they fulfil their intended purpose [81,87]. A pad’s durability is decreased if
there is insufficient resin, while its hardness is greatly increased if there is too much resin. One of the
most crucial materials used in the production of brake pads is resin since it binds all the other parts of the
pad and enables them to work together efficiently. When used as a matrix material to hold structural
elements, fillers, abrasive friction modifiers, etc. together during the manufacture of brake pads,
thermosetting material resins are the most affordable binders and provide good physical and chemical
properties [81,89].

However, the quality of the brake pad material may decrease if too much heat is produced during
braking. This is connected to resin degradation, which causes a substance’s binding capabilities to
disappear. Because of this, the resin may have a significant role in a brake pad’s thermal stability, ability
to preserve mechanical qualities, and ability to bind components under harsh braking conditions.
Numerous attempts have been to change the composition of resins to enhance their initial mechanical and
thermal qualities. The filler that is manufactured the most frequently for friction materials—almost
exclusively—is phenol resin. Few additional uses exist for them. From 5% to 35% of the volume, phenol
resin makes up the weight fraction of brake pads. Inverse relationships exist between the content amount
and the wear rate’s coefficient of friction value. With a 10% decrease in the weight of pad resin, the COF
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value only changes by a small amount. Due to the resin’s advantageous qualities, including its excellent
mechanical resistance and low cost, the automotive sector frequently uses it. Heat expansion is minimal.
It also resists solvents, acids, and water better than other resins, and it burns cleaner than other resins.
The material is brittle, which is unfortunate. The addition of silicone gum or oil can lessen the likelihood
of cracking. Silica resin is created in this way. Other mechanical qualities, however, suffer as a result. For
friction at high temperatures, phenol resin is not the optimum material [81,82]. When braking suddenly,
the pad’s temperature can quickly rise to 700°C, far above the point at which phenol resin starts to
degrade [83,84]. Epoxy resins are frequently utilized in the industry. They are inappropriate as friction
materials because of their limited thermal stability (degradation begins at about 260°C). According to the
findings of some researchers, weight loss of around 7% is still detectable at 100°C [85]. Volatiles that
develop during firing may be responsible for this bulk loss. Carbon was created and oxidized when the
temperature was raised over 400°C. Epoxy and phenol resins mixed, however, provide some intriguing
outcomes [86,87]. Compared to the two resins, the substance is far more heat resistant and has superior
mechanical qualities. Thermoplastic polyamide resin is a substance produced from calcium carbonate and
fluoresin [88,89]. It can withstand both high temperatures and wear. Additionally, the production method
is simple and economical. Though roughly three times better than phenol resin, the resin is an excellent
thermal isolator. Its value in the production of brake pads is therefore quite low [81–89]. Thermal
resistance is marginally increased by COPNA resin. It disintegrates at a similar temperature (400°C–
500°C), but much less gas is emitted throughout the process. As a result, brake fade danger is decreased.
Additionally, the particle and graphite have excellent adhesion because of their similarity. This increases
the friction resistance of the pad. Cyanide monomers are used to create cyanate ester resins. Chemically
speaking, these resins are inert and exhibit a propensity to dampen vibration. However, resilience to high
temperatures is its most crucial quality. According to research, adding ZrB2 to it in a quantity of about
5% makes it more thermally stable and guarantees that its tribological qualities about the COF and wear
rate are at their best. Graphite and MoS2 were mixed for experiments as well. In this approach, scientists
improved the mechanical qualities and decreased the rate of wear. On the other hand, one of its key
negatives is the high cost (coming from a difficult and frequently multi-day production procedure).
Because of this, it is hardly used in friction materials. Electronics is where cyanate ester resins are used
most frequently [81,89].

6.1.2 Reinforcement
It is necessary to use reinforcing (structural) elements to boost mechanical characteristics. There are

many different kinds of fibres formed of materials including metals, carbon, synthetic fibre, Kevlar,
minerals, ceramics, and natural fibres, among others. The mechanical qualities of the fibre orientation are
also good. The performance of the brake pad is enhanced by the good structural reinforcing qualities and
high thermal stability of steel wool and fibre glass [81,87]. Palm Kernel Shell is a waste product that is
produced, for instance, when margarine-making palm oil is produced [82,83]. West Africa is where palms
are primarily grown in plantations. Palm Kernel Shells (PKS), which have an output of 15–18 tons per
acre, are a plentiful and affordable resource. It is simple and affordable to transport due to its low density
(in comparison to other organic waste) [84,85]. PKS is utilized in brake pads as an alternative to asbestos
because of its fibrous texture [86]. Even 40% of the volume of the friction layer can be made up of them
[87]. The low hygroscopicity, high rigidity, and high hardness of pulverized particles make them ideal for
brake pads. Additionally, they have a cast iron brake disc with a high coefficient of friction of about
0.41 [87,88]. Oxidation accelerated the wear of the pad, which happened much more quickly than with
commercial brake pads [89].

Research by Mgbemena et al. [90], revealed that the three phases’ start temperatures were 54.28°C,
237.14°C, and 538.57°C, respectively, and that there were significant weight losses of 6%, 27%, and
42.37%. The results of tests using brake pads designed for “cold” braking, which does not produce
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temperatures of hundreds of degrees Celsius, were far better. Another crucial factor in the manufacturing of
the pad is the PKS particle size. In tests, brake pads with bigger particles displayed superior hygroscopic
absorption and wear resistance. Using finely ground PKS allowed for the best mechanical qualities (high
hardness, resistance, and low porosity) to be attained [90]. Up to 40% of a fresh banana’s weight is made
up of banana peels. Currently, the peels are either thrown away as waste or used as fertilizer. Banana
peels can be used safely in a variety of sectors because they are classified as non-toxic for human tissues
by the National Cancer Standard Institute. Physical and chemical analyses of banana peels revealed that
pectin and antioxidants make up the majority of their composition. Complex polysaccharide mixes known
as pectin compounds, which are used to make gels, contain galacturonic acid units as the primary chain.
The addition of banana peel powder increases the substance’s potential further. The powder was seen to
first become more gelatinous as the temperature rose, before hardening. These characteristics allow
banana peels to be used to create unique brake linings that increase the binding resin’s ability to
withstand high temperatures. Experimental studies support these assertions. A sufficient amount of
binding strength between the powdered banana peels causes a higher coefficient of friction. The material
also showed minimal water and oil absorption. However, brake pads with banana peels in them
deteriorate more quickly [89,90]. The most unusual material employed in the fabrication of the brake
pads is a periwinkle shell. These little animals’ shells are a waste product from the food manufacturing
industry [89,90]. It is thought to pose a threat to the environment and human health because of the
enormous amount of trash that is produced throughout the process. The usage issue may be somewhat
mitigated if asbestos were replaced by shell fragments in the manufacture of brake pads. Nigerian
researchers used material that has been ground into particles smaller than 255 microns to examine the
mechanical characteristics of the shells.

According to their research, the material is quite heat resistant and has a lower density than asbestos. The
onset of heat deterioration was first noted at temperatures above 6000°C. The substance under study was also
revealed to be harder than asbestos (around 75 HRC harder). Other researchers, also from Nigeria, went a
step further and developed a variety of brake pad prototypes employing different periwinkle shell particle
sizes (varying from 100 to 350 µm). The investigations revealed that particles with a diameter of 100 µm
offer the optimum properties. They demonstrated the highest hardness, lowest water, and oil absorption,
and excellent compression resistance. The parameters are superior to those of commercial brake pads
[7,81]. The smallest fractions (125 µm) produced the best abrasive wear resistance results in their study
from the study of Elakhame et al. [7,81]. As the periwinkle shell particle size was lowered from 350 to
100 m, there was strong interfacial bonding. As the particle size of the periwinkle shell was reduced from
350 to 100 m, it was shown that the brake pad samples’ compressive strength, hardness, and density
increased, while the oil soak, water soak, and wear rate decreased. Periwinkle shell particles at 100 m
outperformed industrial braking pads. When making brake pads, periwinkle shell fragments can
successfully replace asbestos [90].

6.1.3 Fillers
Filler materials are affordable and cost-effective, which increases their suitability for manufacture. The

spaces between particles are filled with fillers. Based on their compatibility and thermal stability, these are
chosen. Here, scientists have more freedom to use natural chemicals and lower the proportion of metallic
material used in brake pad application. The brake pad is filled with materials like vermiculite, cashew
powder, and barium sulfate, among others, which also control and lessen noise [81,89,90]. Fly ash is a
by-product of the burning of coal in power plants and industrial facilities. It takes the shape of fine
mineral dust and is mostly made up of silicon, aluminium, and iron. Its colour ranges from light to dark
grey or light brown. Fly ash also has a small amount of unburned carbon and several trace elements, just
like natural rock. Because of the damaging effects of coal combustion, several governments prioritize
waste product management in their environmental policies, particularly regarding industrial waste. Fly ash
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has varying qualities due to the various types of coal and power boilers, which affect waste management. The
inexpensive price of the material led to attempts to employ it as a filler in brake pads. Between a few percent
and 55%–60% of the total weight is the mass content. According to research, brake pads with a high ash
content have steady coefficients of friction—but only at low initial vehicle speeds. After reaching a limit
value (the experiments were based on braking from a starting speed of approximately 100 km/h), some
researchers noticed that the coefficient of friction considerably dropped. The use of different materials
that are less heat resistant may be the cause of this. It was tried to employ the inexpensive substance as a
filler in brake pads. A few percent to between 55 and 60 percent of the total weight make up the mass
content. High ash content brake pads exhibit consistent coefficients of friction, but only at low initial
vehicle speeds, according to research. Some researchers found that the coefficient of friction dramatically
decreased after reaching a limit value (the tests were based on braking from an initial speed of
approximately 100 km/h). This might be the effect of employing other materials that are not as heat
resistant. For samples with only 4 wt% of the substance under consideration. The results are not clear-cut,
so it may be concluded that the choice of the other abrasive material components has a significant impact.
The characteristics of fly ash do not alter with temperature. Ash has a beneficial impact on controlling
thermal energy. Compared to commercial pads, brake pads with a volume ash content of 55% were more
heat resistant. This is caused by fly ash’s low thermal conductivity and high heat capacity (up to
800 kJ/kg K), which allow ash particles to store heat [81,89,90].

Friction modifiers like graphite and zirconium oxide are used to keep the operating coefficient of friction
within a certain range. They help stabilize, maintain low temperatures, and reduce wear. Because they don’t
work well with binding materials, they are only utilized in small amounts. Controlling interfacial film is
another benefit [81,89,90]. Abrasives are accustomed to producing brittle, harsh brake pads. Hardness
increase is useful for cleaning rotating elements (such as discs or drums). However, a significant increase
in hardness harms the disc or drum. As a result, a lesser number of abrasives are utilized to make brake
pads [81,89,90]. Fig. 10 presents the coefficient of friction of various materials for brake pads that
compare favourably with asbestos brake pad composite. It also confirms that the best value of COF can
sometimes be obtained by combining different materials.

7 Future Consideration and Conclusions

As long as green composites function similarly to asbestos fibre types in terms of tribo-mechanical
performance, the use of green composites in automotive brake pads appears to be possible. This work
outlined the key characteristics of the various materials used in the manufacture of brake pads. The right
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Figure 10: Coefficient of friction of composite materials for brake pad [74,83,85]
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composition of materials for brake pads and proportions guarantees not only an appropriate and consistent
stopping force but also an enhancement in comfort by lowering the rate of abrasive wear and quieting
frictional noise.

Brake pads’ environmental impact and the harmful effects on human health caused by the usage of
asbestos can both be decreased by using natural fibres as reinforcing agents. The difference in fibres
content may have an impact on mechanical and tribological properties, respectively, according to this
review research. For instance, by properly incorporating natural fibres, the tribological characteristics of
brake pads, such as the coefficient of friction (COF) and wear rate, can be greatly enhanced. It is possible
to lessen the amount of environmental pollution caused by automobiles by using natural fibres like
banana peels, periwinkle shells, or coconut fragments, which are showing up increasingly frequently in
friction materials. The complexity of tribological phenomena that occur in the friction pair must be better
understood. Doing so will help researchers and research institutions around the world create new and
inventive brake pad production technologies or compositions, like those that use industrial or agro-food
waste.

From the research reviewed, the coefficient of friction can be improved upon by combining different
reinforcement materials.

The development of materials with diverse compositions and varying proportions is now conceivable,
and these materials can be permanently connected in fully regulated processes. This explanation
demonstrates that all of these variables affect friction coefficient, resistance to wear from friction and high
temperatures, and the operating life of brake pads to varying degrees. The most significant, intriguing,
and unusual materials utilized to make brake pads were gathered in this study, and their effects on the
tribological characteristics of the pads are described.
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