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Abstract 

There has been an increase in research over the past decades into the use of environ-
mentally friendly materials in brake pads, such as natural fibres. This is due to the possi-
bility that natural fibbers could serve as an alternative to the noxious asbestos materials 
in tribological applications like brake pads. As a result, utilizing the compacting mould 
technique, an asbestos-free friction material was developed using agricultural waste 
(coconut shell and oil bean stalk) as a filler element, alongside aluminium dross, metal 
chip industrial wastes and carbon black. The filler material considered had particles 
as small as 300 μm, with epoxy resin serving as the binding agent. Using these waste 
materials can help reduce environmental pollution and the risk to animal and plant 
life (Preeti et al., Pharma Innov J 7:94–102, 2018; Sajib, A Study on the effects of envi-
ronmental pollution on human life in the riverbank area of Barishal City Corporation 
(Kirtankhola River), 2021). This research aimed to replace asbestos in brake pads due 
to its carcinogenic nature, reducing the health risks associated with manufacturing 
and using these brake pads. The brake pad materials were cast and produced using 
square wooden moulds. Four samples were created, comprising the same mixing ratio 
but varying in reinforcement fibre and particle size, with epoxy resin used as the matrix. 
Various tests were conducted on these samples, including a water absorption test, 
specific gravity test, compressive strength test, hardness test, thermal conductiv-
ity, SEM and EDX. The developed brake pads underwent microscopic characteriza-
tion and structural examination using a scanning electron microscope (SEM) fitted 
with energy-dispersive X-ray spectroscopy (EDX) for elemental characterization. Ther-
mal conductivity was obtained using automated Lee’s Disc apparatus. Comprehensive 
strength analysis was conducted using a universal testing machine (UTM).

The specific gravity tests yielded values for the developed composites in the range 
of 1.136–1.257, while the commercial brake pad had a value of 2.081, indicating 
that the produced samples were lighter and less dense. The water absorptivity 
of the developed samples ranged from 0.95 to 2.174%, while the commercial brake 
pad had a value of 1.031%. For the hardness tests, at three different loads, the devel-
oped values ranged from 16.4HV3 to 19.4 HV3; 26.4HV30 to 28.7HV30; and 25.5HV100 
to 29.6HV100, while the commercial brake pad had values of 16.5HV3, 28.4HV30 
and 28.2HV100.
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Sample C (212 μm: coconut shell powder) exhibited the most desirable characteristics 
with five values: water absorptivity 0.95, compressive strength 120.5 MPa, hardness 
value 29.6 HV100, wear resistance 0.099 mm/mm3, specific wear rate 1.00  mm3/Nm. 
The outstanding values were attributed to the chemical composition, particle sizes 
and good interfacial bonding of the microstructure.

The developed brake pads performed favourably when compared with the existing 
commercial brake pads. The chemical tests showed that the natural fibres bonded well 
with the epoxy matrix. The thermal and mechanical tests yielded comparable results 
with the values obtained from the commercial brake pads. Therefore, the developed 
materials for brake pads can be considered suitable replacements for asbestos brake 
pads.

Keywords: Brake pad, Composite material, Comprehensive strength, Eco-friendly 
material, Hardness, Natural fibre, Thermal conductivity, Water absorptivity

Introduction
In ancient times, the amount of waste produced by humans was never a threat to 
human life and the ecosystem due to lower population densities and the fact that 
most natural resources that constitute waste today (such as metals, fossil fuels) were 
either undiscovered or used in very minimal quantities. Tools and weapons made of 
metals and wood were used for extended periods before disposal and often handed 
down to younger generations. Nowadays, the significant waste generated includes 
ashes and human biodegradable waste (faeces, corpses, etc.) [51]. Waste refers to any 
material unused and rejected as worthless or unwanted. As more natural resources 
are exploited and used, they leave behind a substantial amount of waste products, 
posing a significant problem in their disposal. Recycling has emerged as a solution, 
reusing waste materials to create new valuable materials, thus reducing the amount of 
waste generated [16, 61].

Human activities have led to pollution in our immediate surroundings; one com-
mon form is nitrogen pollution [116]. Dispersed by air, it affects not only the air but 
also land and water. When fossil fuels burn, hydrocarbons ideally burn in the air, 
forming carbon dioxide, water and nitrogen gas. However, incomplete combustion 
results in the formation of carbon monoxide and nitrogen oxides, which have adverse 
effects, including acid rain and smog. Nitrogen pollution mainly occurs in the form of 
nitrogen oxides, with some coming from ammonia, mainly due to agricultural activi-
ties and the combustion of fossil fuels [44]. This abundance of nitrogen in the air is 
transferred to the land, then to water bodies, leading to pollution, algal blooms, low 
oxygen areas, low pH and excess ammonia, harming marine life and potentially lead-
ing to extinction. Nitrogen makes up 77% by mass and 79% by volume of the air, play-
ing a crucial role in the survival of plants and animals. Primary sources of nitrogen 
pollution include automobiles, power plants, industrial operations and large engines 
like those on ships, aircraft and locomotives [5, 57]. Some solutions to this problem 
involve reducing emissions through various means, such as using catalytic converters 
in automobiles and adopting renewable and clean energy sources [86, 107].

Other steps to reduce pollution include decreasing carbon footprints, lowering 
greenhouse gas emissions and promoting recycling [3]. A carbon footprint quantifies 
how much greenhouse gas, mainly carbon dioxide, is released into the surroundings 
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by any activity or process. In the past, chlorofluorocarbons were used in refrigerants 
but were found to have adverse greenhouse effects, contributing to ozone layer deple-
tion, and were replaced by safer compounds [28]. Similarly, asbestos was discovered 
to cause severe health challenges (such as cancer and respiratory diseases) in individ-
uals exposed to it, including those using it in manufacturing other products or resid-
ing in homes built with asbestos. Asbestos is a significant component in automobile 
brake pads. The search for materials that can perform equally or better under simi-
lar conditions while posing minimal or no harm to human life led to the discovery 
and use of natural fibres [93]. As the world moves towards a greener approach, more 
industries are moving away from harmful substances, turning towards using indus-
trial or agricultural waste for various functions, including structural reinforcement 
and binding.

Some materials, when combined and used, prevent waste from harming the environ-
ment. Phenolic composites, due to their high coefficient of friction, reduced wear at 
room temperature and ability to withstand temperatures up to 250°C, find extensive 
use in automotive brake pads. When developing environmentally friendly brake pads, 
they can accommodate organic ingredients instead of harmful ones. These composites 
have been studied for mechanical applications due to their excellent bonding with other 
agro-industrial waste materials. Extensive research has been conducted on phenol-based 
composites containing various elements such as fly ash, bagasse ash, palm kernel fibres, 
coconut shell, barium sulfate, oil bean stalk, basalt, flax, shells, alumina, titanium diox-
ide, crushed metal chips and zirconium dioxide [33, 55, 78, 80]. Friction compounds 
based on phenolic resin usually have limited tribological use due to their generally low 
stability and wear resistance. To improve these properties, several elements like abra-
sives, binders, fillers, friction modifiers (solid lubricants) and reinforcing fibres are 
added [97]. Asbestos has been replaced by various fibres such as metallic, glass, ceramic 
and carbon fibres [43]. Among these, low-carbon steel is widely used as a metallic fibre 
due to its exceptional heat stability. Ceramic materials, composed of silica and alumina, 
also improve wear resistance, insulating properties and high-temperature performance 
[32, 34, 49]. The addition of different fibres can lead to diverse behaviours in semi-metal-
lic friction materials concerning tribology. To enhance wear resistance, thermal stability 
and strength, metallic components are often used in friction materials. Metals like cop-
per, steel, iron, brass, bronze and aluminium have been utilized as fibres or particles in 
friction substances. The friction and wear of these materials are influenced by the type, 
shape and hardness of the metallic components [49]. Selecting these materials and their 
proportions carefully results in various mechanical properties, including the coefficient 
of friction, wear rate and compressive strength, among others. These desirable proper-
ties enable research and development engineers to choose eco-friendly materials for 
brake pad and brake lining production [17–19, 90, 91].  

This research aims to develop an eco-friendly brake pad using natural fibres from waste 
materials, focusing on enhancing performance variables. The study intends to manu-
facture eco-friendly brake pads using natural fibres; conduct mechanical, chemical and 
thermal tests on these brake pads; and compare the test results with those obtained from 
existing brake pads. The production of these eco-friendly brake pads will help mitigate the 
health risks posed by asbestos in conventional brake pads. This research seeks to utilize 
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agricultural and industrial waste as a means of solid waste management, while also serv-
ing as a means of recovering wealth from waste materials. Furthermore, it promotes the 
establishment of sustainable small-scale businesses, contributing to national economic 
advancement. The study involves testing and characterizing a standard automobile brake 
pad, manufacturing, testing and characterizing an eco-friendly brake pad made from nat-
ural fibres, and ultimately comparing the performance of the two brake pads.

Solid waste management
Kaza et  al. [54] claim that by 2050 waste generation will significantly surpass popula-
tion growth, more than doubling. Although solid waste management is evolving and 
improving worldwide, there is still much work to be done. Improper waste manage-
ment negatively impacts everyone, but it disproportionately affects the most vulnerable 
members of society [47, 56]. These individuals lose their lives and homes due to waste 
dump landslides, work in hazardous conditions while collecting waste, and suffer severe 
health effects. Moreover, the environment frequently bears a heavy toll. In 2016, world-
wide production of plastic waste amounted to 242 million tonnes, constituting 12% of 
all municipal solid waste [102, 104]. Despite the increasing consumption of plastics, 
plastic waste is suffocating our oceans. The lack of adequate infrastructure to manage 
the evolving waste composition is leading to rapid growth in waste for residents, cities 
and nations. Furthermore, it was estimated that in 2016, solid waste management con-
tributed to 1.6 billion tonnes of carbon dioxide equivalent  (CO2-equivalent) greenhouse 
gas emissions, accounting for approximately 5% of global emissions. If the industry does 
not make improvements, it is projected that by 2050, solid waste-related emissions will 
reach 2.6 billion tonnes of  CO2-equivalent. The historic Paris Agreement of 2017 saw 
more than 80 nations pledge to reduce emissions, and one way to support this endeav-
our is through enhancing waste management.

Figure 1 illustrates the waste generated per region. The data highlights the environ-
mental threat posed by waste if not recycled. From Fig. 2, it is evident that industrial 

Fig. 1 Waste generation by region [54]
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waste ranks the highest. Implementing an efficient waste conversion system is crucial 
to reduce the amount of waste occupying land, thus mitigating the threat to the eco-
system [106].

Solid waste management, as the term suggests, involves the collection and processing 
of solid waste materials. Since humans transitioned from a nomadic lifestyle to establish-
ing communities, solid waste has been an escalating issue, especially with the advent of 
industrialization. Every item has a lifespan during which it serves a purpose, and once it 
exceeds that time frame, it is disposed of and becomes waste [27, 98]. Solid waste man-
agement aims to regulate the disposal of these items to reduce pollution and prevent the 
spread of diseases. Waste can be classified into various categories, including organic and 
inorganic waste, combustible and non-combustible waste, toxic and hazardous waste, 
carcasses, ashes, construction waste and recyclable waste. These different types of waste 
decompose at varying rates, ranging from a few days to millions of years, such as in the 
case of glass and plastics. The most common disposal method is through open land-
fills, which emit unpleasant odours and contaminate the air in their immediate vicinity. 
Sometimes, the waste can seep into nearby water bodies, leading to water pollution [37, 
66].

The waste deposited here is sourced from varying locations, and some of them are 
listed below [38]:

Residential: (e.g. homes) mostly organic, combustible, ashes and recyclable wastes.
Industrial: (e.g. factories, plants, construction sites) organic, combustible, non-

combustible, toxic, ashes and construction wastes.
Commercial: (e.g. hotels, office buildings) mostly organic, combustible, recyclable 

and some hazardous wastes [70, 71].
Institutional: (e.g. schools, prisons, government centres) organic, recyclable, non-

recyclable, combustible and hazardous wastes.

Fig. 2 Global average special waste generation [54]
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Construction: (e.g. construction sites) construction, recyclable, non-recyclable, 
combustible, non-combustible and hazardous wastes [59].

Municipal services: (e.g. streets, parks, beaches) organic, combustible and recyclable 
wastes.

Treatment plants and sites: (e.g. mines, refineries) construction, non-recyclable, toxic, 
combustible and non-combustible wastes [69].

Agricultural: (e.g. vineyards, orchards, dairies) organic, combustible, toxic and recy-
clable wastes.

Biomedical: (e.g. hospitals) carcasses, organic, combustible, toxic and recyclable 
wastes [68].

How solid waste materials are disposed of can affect the quality of human life and 
the environment, ranging from minimal to devastating [24–26]. Some of the effects of 
improper solid waste handling [1] include:

Untidy environment: improper handling of municipal waste will lead to untidy streets 
and public areas.

Human health: people living close to landfills and primarily those working on those 
sites are exposed to various health risks and conditions, including cutaneous infections, 
respiratory issues and even cancers, tumours, or reproductive issues if exposed to toxic 
materials.

Pathogens: these unsanitary grounds attract disease-causing and carrying organisms 
that dwell and breed there before spreading diseases.

Environmental pollution: Toxic and hazardous waste can affect soil fertility and seep 
into and contaminate the ground water.

Effect on animal life: animals grazing near toxic soil from landfills can be poisoned, 
and marine life can be compromised if the waste gets into water bodies.

Toxic gas emission: When some hazardous chemicals are absorbed by non-toxic com-
bustible materials like paper and are burned, they form toxic gases that are dangerous to 
human life [75, 79, 89, 108].

The landfill method of solid waste management is inadequate and highly unsanitary. 
There are various methods available for improving the landfill method of managing solid 
waste, including sanitary landfills, incineration, composting, pyrolysis, recovery and 
recycling. Among these methods, recycling stands out as the most efficient approach, 
generating minimal waste material or by-products. Essentially, recycling involves find-
ing alternative uses for materials, thus extending their lifespan [67]. Figure 3 illustrates 
methods for converting waste, thereby generating wealth. Waste materials are com-
monly used in the development of various composites for brake pads and other prod-
ucts. These composites incorporate materials like slags, metal chips and aluminium 
dross from industrial waste, as well as banana peels or coconut shells from agricultural 
waste, which are combined with other waste materials to create eco-friendly products 
[63, 64, 96, 99, 109, 111–113].

Review of recent work on brake pad materials

Brake pads are essential components of all automobiles equipped with braking discs. 
These pads undergo rigorous testing to determine the characteristics necessary for their 
specific application. Properties such as abrasion resistance, friction coefficient, hardness, 
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tensile strength, specific gravity, compressive strength, oil absorption, water absorption, 
thermal conductivity, disc temperature and stopping time are commonly evaluated to 
assess brake pad viability [73, 100]. As vehicles become faster, it is increasingly impor-
tant to find effective ways to decelerate them quickly. Brake systems play a crucial role 
in preventing accidents, safeguarding lives and protecting property from damage, mak-
ing them indispensable components in any automobile [45, 94]. Friction brakes function 
by converting a moving vehicle’s kinetic energy into heat through friction, subsequently 
dissipating this heat to the surroundings to slow down the vehicle [46]. With higher 
speeds, materials with higher friction coefficients are required to slow down the vehicle 
efficiently (reduce response time). Moreover, due to the increased kinetic energy being 
converted to heat, materials with good thermal conductivity and high melting points are 
preferable. Effective heat dissipation materials are also necessary. Other desirable brake 
pad qualities include low wear rates, resistance to corrosion, low water absorption, light 
weight, durability, minimal noise and reasonable cost [84, 85].

Two primary types of friction brakes are drum brakes and disc brakes. Initially, drum 
brakes were widely used, but the transition to disc brakes occurred because of their 
superior braking performance, especially in heavier vehicles [45]. Disc brakes dissipate 
heat more effectively than drum brakes and exhibit lower wear rates, hence their wide-
spread adoption. Brake pads consist of various materials serving different functions, 
including abrasives, friction modifiers, fillers, reinforcement agents and binders [58]. 
Some materials serve multiple functions, one of which historically was asbestos. How-
ever, asbestos has adverse health effects, causing lung-related illnesses when its fibres 
are inhaled. Due to its carcinogenic nature, it has been banned in many applications, 
necessitating the exploration of alternative materials. Researchers have investigated uti-
lizing industrial and agricultural waste products for brake pad production [2, 42, 95]. 
Agricultural wastes, including cocoa bean shells, eggshells, coconut shells, banana peels, 
periwinkle shells, palm kernel shells, maize husks, rice husks and bagasse, are primarily 
used as filler materials and particulate reinforcements. They are cost-effective and con-
tribute to waste reduction and recycling efforts [36, 50]. Industrial waste is utilized for 
friction production and modification, sourcing materials such as factory waste, foundry 
slag and machine shop chips. This practice aids in conserving metal natural deposits and 
repurposes materials typically classified as waste [39, 41, 110].

Asbestos’s presence in brake pads poses significant health risks due to its carcinogenic 
nature. It is imperative to develop eco-friendly alternatives with improved operational 
performance while posing minimal health risks. Moreover, there is a growing issue of 
solid waste accumulating in landfills, necessitating the development of viable products 
from waste materials to reduce environmental hazards and protect natural water bod-
ies. Reports from the World Bank in 2012 and 2018 projected significant increases in 
global solid waste production and associated management costs, particularly in develop-
ing countries. Numerous studies have explored creating asbestos-free brake pads using 
materials such as coconut shells and palm kernel shells (PKS). Researchers worldwide 
are focused on utilizing agricultural or industrial waste as raw materials, aiming for 
both financial benefits and environmental improvements. Asbestos was phased out due 
to its carcinogenic nature, although some existing uses are still allowed. The ban was 
initiated in 1989, but challenges in finding substitutes led to the 1991 relaxation of this 
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prohibition [8]. Studies like Bashar et al. [20] developed brake pads using coconut shells, 
iron chips, epoxy resin, methyl ethyl ketone peroxide, cobalt naphthenate, iron, silica 
and brass. The findings showed that increasing ground coconut powder amounts led to 
reduced strength and increased brittleness, similar to other research on polymer com-
posites made from treated and untreated palm kernel nut shells [8, 21, 23, 88]. Banana 
peels were examined by Idris et al. as a replacement for asbestos in brake pad production 
using phenolic resin as the binder. Varying the resin content showed that higher resin 
percentages improved compressive strength, hardness and specific gravity while reduc-
ing burn, water soak and wear rates. Samples with 25% uncarbonized banana peels and 
30% carbonized banana peels exhibited overall better properties [48, 65, 101, 114].

Materials and methods
This section gives a detailed explanation of all the activities carried out during this 
research project work. All the processes undergone are outlined. Also, the materials 
used, the equipment and various apparatuses are discussed. Design dimensions, mix-
ing ratios and the reasons specific equipment or processes were employed are also 
discussed.

Materials

The materials used in this research were locally sourced from nearby farms, markets 
and workshops. Aluminium dross was obtained from Aluminium Rolling Mill (ARM), 
Ogun Housing Estate, Ota, Ogun State. Oil beanstalks were obtained from the Cove-
nant University grounds; coconut shells were obtained from a nearby farm, and metal 
chips were obtained from the CNC machine at the Mechanical Engineering Department 
of Covenant University. Carbon black, epoxy resin, and hardener were purchased from 
vendors in a nearby market. Aluminium dross served as the parent material, coconut 
shell, and oil beanstalk served as filler materials in their various samples, carbon powder 
was utilized as a lubricant, metal chips were employed as friction additives, and a mix-
ture of epoxy resin and hardener functioned as the matrix and binder. These materials 
were selected because they show good bonding characteristics with the matrix material 
(epoxy resin). Including lubricants and friction, additives depended on the application, 
as braking requires contact and friction.

Coconut shell powder and aluminium dross powder

The coconut shells, as shown in Fig. 4, were obtained from a nearby farm where they 
constituted a part of its waste materials. The coconut shell powder served as the rein-
forcement for the epoxy matrix and bonded with the aluminium dross. Coconut shell 
powder was used because past studies show that it exhibits a good interaction with 
epoxy.

Aluminium dross, as shown in Fig. 4, is a by-product of aluminium smelting process. 
Combined with epoxy, it can produce lightweight composites with good thermal and 
wear resistance. It is one of the filler materials and bonds with the natural fibres and car-
bon black in an epoxy resin matrix [29, 31, 62, 81, 103].
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Epoxy resin, oil beanstalk, carbon black and metal chips

Epoxy resins are a class of polymer that contains the epoxide group. These resins can 
be cross-linked (also known as curing) with themselves through hardeners (catalytic 
homopolymerization) or cross-linked with other reactants to form thermoset polymers 
[52, 105]. These polymers usually possess good thermal and chemical resistances and 
mechanical properties that can all be enhanced by adding reinforcement fibres to form 
thermoset polymer composites. Epoxy served as the matrix of the composite produced.

African oil bean (pentaclethra macrophyllaa) is a legume with medicinal value and 
high protein content. Its physical properties deem it feasible to be used as a reinforce-
ment for a polymer composite. The oil beanstalk is the exocarp that protects and con-
tains the oil bean seed. In this experiment, the oil beanstalk reinforces the epoxy matrix 
[29, 30].

It is obtained from the incomplete combustion of vegetables or petroleum products. 
It can be used as a reinforcement material as it increases tensile strength and wear 
resistance. Figure 4 also shows a pulverized carbon black. Chips are formed from metal 
removal processes; as the metal is cut, it flows in the form of chips. The metal chips 
used were obtained from the Mechanical Engineering Department, Covenant University 
CNC (computer numerical control) machine, as the chips were smaller than the chips 
available from the lathe and drilling machines. The chips were ground for further size 
reduction. Figure 5 shows pulverized metal chips. Coolant from machining was removed 
from the chips, and they were dried in the oven to remove moisture.

Apparatus

This research used various equipment to provide automation, accuracy, measurement, 
mechanical force, heating, or testing. A few of them are shown in Fig. 5. The equipment 

Fig. 4 Coconut shell and aluminium dross powder
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used in this project includes mould boxes, a digital weighing balance, sieves, sieve 
shakers, an oven, an abrasion machine, a ball mill, emery cloth, a hack saw, files and 
beakers. Some of the equipment used are discussed in this section. A sieve shaker is a 
machine that produces vibration to aid the separation of materials of different particle 
sizes. When sieves are used manually, a reciprocating motion is required for the par-
ticles to separate from each other and allow the smaller particles to pass through the 
mesh and into the receiver, leaving particles more significant than the stated mesh size. 
A sieve shaker provides a vibratory motion that separates these particles faster without 
requiring as much manual labour. It comprises a base plate where the receiver sits, the 
sieves are connected to the receiver, and the sieves are covered to prevent spillage of its 
content. It also has restraints to hold the sieves in place, which are of adjustable height 
and grip. The sieve shaker has a timer, a start and stop button and indicator lights. It 
is electrically powered and connected to a socket. This was used to reduce the particle 
sizes of the coconut shell and the oil beanstalk. This is accomplished by the impact and 
grinding action of colliding steel spheres in a rotating drum housing the materials to be 
grinded and the desired number of steel spheres. The equipment comprises a drum with 
an opening for loading the equipment, a cover with bolts for keeping the opening closed 
when in operation, a tray or catch pan for depositing the material after an operation, 
hardened steel balls of different sizes, an electric motor and chain drive for rotating the 
drum, a control panel for selecting the number of revolutions, a stop and start button 
and a plug that connects it to an electrical outlet.

An oven is a heating chamber that can be used for various processes such as remov-
ing moisture from materials to better their mechanical properties, sterilizing tools, heat 
treating materials and processing materials. The electric oven is an improvement over 
the traditional oven because it possesses a thermostat and an interlock switch. The oven 

Fig. 5 Material and apparatuses used
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is used for heating, drying and baking materials by supplying dry heat by convection. 
It was used to remove moisture from the metal chips. It was selected because dry heat 
prevents rust build-up. This oven comprises a heating element, heating chamber, ther-
mostat, interlock switch and adjustable temperature controls and sources its power from 
electricity [74]. This machine is used to determine the mass of an object, and it is accu-
rate to 1 g. It has a digital display where a readout is shown the measured mass. The 
object to be measured is placed on a flat plate. When the mass of a powdered substance 
is to be determined, a piece of paper is placed on the plate, and then the scale is tared to 
zero instead of manually subtracting the weight of the paper. The machine is electrically 
powered and is connected to a socket outlet. It is also equipped with a power button 
and a tare button and can give values in either imperial or SI units. Some of the devices 
used in the research were handheld, mobile equipment such as a hacksaw, file, emery 
cloth, beakers and measuring cylinders. The hacksaw, file and emery cloth were used 
post-production for sizing and finishing the final product to be sent out for testing. The 
measuring cylinder and beakers were used to provide volumetric accuracy.

Methods

The flow chart in Fig. 6 shows the methods to achieve this research.

Collection and preparation of materials

The materials were locally sourced from nearby farms, markets and workshops. They 
were sundried to remove moisture from them. The coconut shell, oil beanstalk, alumin-
ium and carbon were put into a ball mill to be reduced to powder form; Fig. 7 shows the 
pulverized oil beanstalk and coconut shell.

The metal chips were obtained from the CNC machine at the Covenant University 
Mechanical Engineering Department. The metal chips had an oily feel due to the cool-
ant used in machining, this was removed using sodium hydroxide, and the chips were 
then dried using an oven. Epoxy resin and hardener were purchased from a chemical 
store. The materials were then sieved using two different mesh sizes; 212 and 300 μm. 
Each material was sieved using these two sizes and grouped accordingly. The sieving 
was carried out manually for the smaller sieve size and automatically for the larger 
sieve size with the aid of a sieve shaker.

Composite preparation and sample composition

Four samples were produced, which varied based on materials or particle size; see 
Table 1. The dry materials were first manually mixed thoroughly to achieve a homog-
enous mixture for 10 min. The final mixture was then achieved by mixing the dry 
mixture thoroughly with the binder. Following that, this mixture is stirred at a high 
speed for 15 min with the resin-hardener mixture to create a magnetic stirrer. The 
various sample compositions are also listed in Table 1. The composition ratios were 
performed massively, and a digital weighing balance was used to measure the appro-
priate masses.

The binder is composed of epoxy resin and hardener. The two materials were mixed 
in a ratio of 2:1 with the epoxy in greater quantity. The binder was then mixed with 
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the dry composite mix as shown in Table  2. The composition ratios for mixing the 
epoxy with the hardener and the binder with the dry mixture are volume-based. 
Measuring cylinders and beakers were used to obtain accurate amounts of each con-
stituent material.

After the dry mix and the binder have been thoroughly and uniformly mixed, the 
final mixture is poured into the wooden mould for the test sample, and the procedure 
is repeated using the cast iron mould for the actual brake pad composite.

Fig. 7 Grinded oil beanstalk and coconut shell

Table 1 Sample composition of dry composite mixtures

Samples Particle size Constituents % Composition

Sample A Dry Mix 300 μm Aluminium dross 60

Coconut 30

Carbon black 5

Metal chips 5

Sample B Dry Mix 300 μm Aluminium dross 60

Oil bean 30

Carbon black 5

Metal chips 5

Sample C Dry Mix 212 μm Aluminium dross 60

Coconut 30

Carbon black 5

Metal chips 5

Sample D Dry Mix 212 μm Aluminium dross 60

Oil bean 30

Carbon black 5

Metal chips 5
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Mould preparation, pouring and setting

The mould used for creating the samples to be tested is a square box 15 × 15 cm with 
a depth of 1.5 cm. This box was used to create two samples by partitioning it with a 1.5 
× 15 cm divider with a depth of 1.5 cm. This gave the final size of the space to contain 
a sample as 6.75 × 15 cm with a depth of 1.5 cm. The box was made of small pieces of 
wood joined together by nails.

Petroleum jelly was used as a release agent to facilitate the easy retrieval of the result-
ing product from the mould without structural damage by preventing the adhesion of 
the product and the mould. The inside surfaces of the mould where the composite would 
be poured were coated with petroleum jelly before the final mixture was carried out. 
After mixing the epoxy with the dry powder composite, the mixture was quickly poured 
into the prepared mould to prevent solidification in the mixing bowl. See Fig.  8. This 

Table 2 Mixing ratio between binder and dry mixture

Samples Constituents % Composition

A Sample A Dry Mix 30

Binder 70

B Sample B Dry Mix 30

Binder 70

C Sample C Dry Mix 30

Binder 70

D Sample D Dry Mix 30

Binder 70

Fig. 8 Pouring of the mixture into mould boxes and produced samples
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process was repeated for the four different samples, and each sample was labelled for 
identification purposes, as all the samples had the same physical appearance.

The mixture was allowed to take the shape of the mould and solidify appropriately 
before any further activity was carried out. The actual brake pad for the automobile 
was developed by pouring a similar mixing ratio of the samples into a machined mould. 
The machining process and the developed brake pads for the automobile are shown in 
the Appendix. Lubricant gel was rubbed around the mould before pouring to ensure 
easy removal after solidification for 48 h. A manual hand press was designed to allow 
for compaction of the mould as shown in the Appendix. The process was repeated after 
cleaning to mould other samples.

Removal from mould and preparation for testing

After solidification, the newly formed composite material had to be detached from the 
mould. As there was no shrinkage and no draft in the mould design, it proved to be more 
difficult, and the mould had to be removed by removing the nails forming the joints 
from the adjacent pieces of wood. This yielded the four desired samples without any 
physical or structural damage, as shown in Fig. 8. The produced samples were then cut 
into smaller sizes using a hack saw and filed to regular shapes and sizes using a hand file. 
These smaller samples were used to carry out the necessary tests to gauge the product’s 
performance.

Characterization of produced brake pad samples

(a) Test for specific gravity

Specific gravity is the ratio of the densities of a material and a reference material, 
usually water. For a stated volume, it is the ratio of their masses. Materials used in this 
experiment include a graduated measuring cylinder, beaker, distilled water and digital 
scale.

Procedure
The empty beaker was weighed as (W1). The sample was placed in the empty beaker 

and weighed (W2). With the sample still in the beaker, water was added to a certain 
point so that the sample was completely immersed and weighed (W3). Then the beaker 
was emptied of its contents and filled up to the same point used when the sample was 
immersed and weighed.

(b) Test for water absorptivity
Water absorption is simply the amount of water a material absorbs when immersed 

in it over some time. It is the ratio of the mass of water absorbed to that of the mate-
rial when dry, expressed in percentage (%). The ASTM 2010 standard was followed in 
determining the moisture content.

Procedure

(1)Specific gravity (SG) = W2−W1/((W4 −W1)− (W3−W2))
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The selected samples are placed in an oven to dry at 105°C. The dry samples are 
weighed on the digital scale  (W1). The samples are entirely immersed in room-tem-
perature water for 24 h. At the end of the stated time, the samples are gently removed 
from the water, and surface moisture is removed by wiping them with a clean cloth. 
The saturated sample is weighed on the digital scale  (W2).

(c) Test for hardness
The hardness of a material is the ability of that material to offer resistance to or 

withstand penetration when a load is applied (it is simply resistance to deformation). 
Vickers hardness test was carried out using a Qualitest Vickers hardness tester with a 
diamond indenter.

Procedure
The material to be tested is placed in the hardness tester beneath the diamond 

indenter, usually a square-based right pyramid with opposite faces at an angle of 136°. 
The desired load is applied (1–100 kgf ). For this experiment, loads of 3, 30 and 100 
kgf were applied. On removing the load, the two diagonals in the crevice created by 
the load are measured microscopically, and the surface area of the indentation is cal-
culated. The hardness number is obtained by dividing the applied load by the indenta-
tion area. The hardness is reported in form 300HV20, implying a Vickers hardness of 
300 gotten when the load was 20 kgf.

(d) Test for compressive strength

This test is carried out to determine the material’s strength during compression, its 
resistance to compression and under what compressive force the material will fail. 
The experiment uses a Universal Testing Machine and compression pads.

Procedure
Keep the material to be tested in place between the compression pads and switch on 

the UTM.
Ensure the drag and leading indicators are in contact, then choose your desired 

range of loads. Activate the motor that drives the pump by pushing the stated button. 
Slowly move the head control leftwards until the material fails. Note the load at which 
the material fails, turn off the machine and unload the material.

(e) Test for thermal conductivity

Thermal conductivity is simply the ability of a material to conduct heat. It is the 
amount of heat that flows per unit of time through a unit cross-sectional area when there 
is a temperature gradient. The apparatus used was a Hot Disk™ Thermal Constants Ana-
lyser, as demonstrated in Fig. 9, that employs the transient plane source (TPS) method 
that allows for measuring the thermal conductivity of more complex and non-traditional 

(2)Water absorption = (W2 −W1)/W1 ∗ 100%
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materials. The procedure of this research relates well with the work of Philip and Fag-
benle [76].

Procedure
The sensor, which was used for both transient heating and the measuring tempera-

ture, was of a double-spiral shape made of nickel foil, and was sandwiched by two 
Kapton (polyimide film) insulator sheets. The sensor remained sandwiched between 
two sample pieces, with each sample having a surface facing the sensor. Visual inspec-
tion confirmed that the sensor was not adjacent to air gaps or cracks on the sample 
surface to ensure good thermal contact. The experiments were conducted at ambient 
temperature and with no forced convection. The test was carried out by passing a 
steady electrical current enough to increase the sensor’s temperature (which doubles 
as a heat source and temperature sensor). The temperature rise was documented as 
time-dependent. Thermal conductivity (k) is given by the Eq. 3.

where k = thermal conductivity of the material, ΔT = T1 − T2 is the temperature differ-
ence, A = surface area, L = thickness, q = rate of heat transferred

(f ) SEM/EDX (scanning electron microscope with energy-dispersive X-ray spectroscopy)

A JEOL 7600F Scanning Electron Microscope (SEM) is used to produce a magnified 
image of a sample by utilizing a focused electron beam. The beam is run along the 
sample surface in a defined pattern, and the image is created due to electrons coming 
out of the sample. Unlike the light microscope, where glass lenses focus light photons, 
in SEMs, electromagnets focus electrons. The quality and type of image produced are 
a function of the electron beam’s interaction with the sample. The SEM creates micro-
scopic  (10−6 m) and nanoscopic  (10−9 m) images. It has a magnification range of ×10 
to ×300,000. Some of the criteria used to describe the image produced by the micro-
scope are briefly explained below:

(3)q = kA
T1 − T2

L

Fig. 9 Experimental set up and thermal conductivity apparatus
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A scale bar is usually indicated on the SEM image. It indicates the size of the materials 
shown in the image. WD, or working distance, measures how far apart your sample sur-
face (top face) is from the end of the pole where the electrons emanate (base of the SEM 
column). Shorter WD results in an electron beam of smaller diameter at the sample sur-
face. HV is the accelerating voltage for electrons measured in kV or keV. The voltage 
difference between the filament and the anode accelerates the electron beam. A higher 
kV will result in a beam with higher penetration power into the sample. Magnification is 
simply enlarging an image or a part of that image. In a SEM, this is obtained by reducing 
the area being scanned.

EDX is a microanalysis technique that involves identifying which chemical elements con-
stitute a sample under consideration and also studies element atom arrangement. When 
the beam interacts with the sample, there is an emission of X-rays whose energy is unique 
to the elements that constitute the sample. An energy-dispersive detector picks up these 
X-ray signals. They are presented as intensity (number of X-rays) against energy, where 
the energy shows the elements contained, and the intensity reveals their concentrations. 
Siegbahn notation is used, where the first part is the element (Mg, Ca, Na), the second part 
is the ionized electron shell that produced the X-ray (K, L, M) and the third part is the rela-
tive intensity of the line within the shells (in decreasing order of intensity: α, β and γ).

Procedure
The samples were pulverized by grinding, and each weighed 20 g. Since the materi-

als were not conductive, they were coated with a thin conductive film (coating materials 
were Au, Pt, Pd, their alloys and carbon). With the SEM left on, the sample chamber was 
kept under a vacuum to give electrons an uninterrupted path to the sample. The VENT 
button was long pressed until it flashed and clicked; it kept flashing till the chamber was 
at atmospheric pressure, indicated by the button turning orange. The door was opened. 
Hand gloves were used to avoid contaminating the chamber. The doors were slid open, and 
the sample holder was removed from its position to load the sample. The holder possesses 
screws to hold the sample in place. These screws were removed to replace the blank sam-
ple with the pulverized sample to be tested. The screws were tightened back in place; the 
holder was placed back in the chamber then the doors closed. While the doors are shut, 
the chamber is returned to vacuum with the aid of a pump which removes the gases from 
the chamber bringing the internal pressure to about 1.3 × 10-9 bar. This vacuum state was 
indicated by the EVAC button turning green. After 5 min, the electron beam was powered 
on, enabling pictures to be taken. The SEM’s computer and the microscope software were 
powered on. After that, the automatic contrast and brightness button was pushed, ena-
bling the fixed sample to be viewed. Desired magnification was obtained using the magni-
fication X and Y knobs. Pictures were taken, named and saved once desired brightness and 
contrast were attained. The electron beam was turned off by pushing the green ON button. 
The chamber was returned to atmospheric pressure with the aid of the VENT button.

(g) Experimental procedures for abrasive wear test

The wear test is used to determine how much material is removed from the surface of solid 
objects due to mechanical motion. Wear is typically comparable to material loss brought on 
by mechanical interactions between two surfaces that are loaded and sliding. This is a typical 
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occurrence that takes place when two surface-contact objects rub against one another. This 
causes wear or material displacement between the two rubbing objects [53].

Abrasion wear tests were performed using the Tr-50 Dry Abrasion Tester by ASTM 
G65 test standards [4]. The wear testing machine was carried out using the following 
steps on pin-on-disc as shown in the Appendix. The method is dry wear testing.

The specimen is mounted in the tool holder, and a standard load is exerted against it 
such that its face makes contact with the turning rubber wheel. The silica sand is allowed 
to flow freely via the hopper’s nozzle and into the space between the specimen and the 
rubber wheel. Three bodies are abrased in the scenario created by the rotating wheel, a 
chlorobutyl rubber tire, freely flowing silica sand and the specimen. Using a lever arm 
and a controlled flow of grit, this test specimen is forced against the rotating wheel at 
a set force. The contact face travels in the direction of the sand flow due to the wheel’s 
rotation. The abrasive particle size, shape, hardness, normal load, amount of stress the 
particle places on the surface, and frequency of contact will all affect how severe the 
abrasive wear is. Operators can test the setup under various load-sling speeds, sliding 
distances and abrasive particle sizes. Test sample weight loss reveals wear resistance. 
Volume loss will be reduced in materials with higher abrasion resistance.

where Δw = weight loss of the sample
wa= weight of the sample before the test
wb = weight of the sample after the test
The specimen’s volume loss (∆V) is calculated as shown in Eq. 4.

where ρ = experimental density of the sample
The specimen’s specific wear rate (Ws) is computed in the way described in Eq. 5

where Ss = sliding distance (mm),
Fn = normal load (N)

Results and discussion
The results obtained in line with the objectives of this research and using the meth-
odology outlined in “Materials and methods” are presented in this section. This study 
was conducted to obtain an asbestos-free material for brake pads to replace commer-
cial brake pads. As such, a comparative analysis was carried out between the pro-
duced samples and an existing brake pad to determine which sample was used yielded 
the most desirable results. All the produced samples have the same mixing ratios as 

(4)�w = wa − wb

(5)�V =

(wa − wb)

ρ
× 1000

(6)ws =
�V

Fnx Ss

(7)wear resistance = sliding distance (S)
(Vloss x 1000)



Page 21 of 42Dirisu et al. Journal of Engineering and Applied Science           (2024) 71:55  

shown in “Materials and methods” and Table 3; the differentiating factor is the type of 
natural fibre reinforcement and the particle size of the constituents.

Specific gravity

Table 4 shows the result of the specific gravity tests carried out, where water was used 
as the reference material. W1 through W4 measured in kilograms (kg).

From the specific gravity results, the samples with smaller particle sizes of 212 μm 
(C & D) have lower specific gravity and, as a result, lower density than those with 
larger particle sizes of 300 μm (A & B). For both particle sizes, oil bean stalk rein-
forced composites (B & D) had lower specific gravity and density than the coconut-
reinforced composites (A & C), i.e. (B<A & D<C). This implies that coconut shell is a 
slightly denser material than oil beanstalk. When compared to the commercial brake 
pad, the highest SG of the samples (Sample A; 1.257) was less than the SG of the com-
mercial pad (Sample E; 2.081).

This variation in specific gravity results from different mass densities of the sample, 
an elemental composition such as metals in the matrix, and bonds formed at the atomic 
level or packing structure of the material. The lower specific gravities of the samples 
indicate that a lighter material would be obtained for the same volume or geometry 
when compared to the commercial brake pad. These values correspond to test values 
obtained by Asotah, W., & Adeleke, A [12]., who investigated using corn husks as filler 
material in brake pads and obtained a specific gravity of 1.301, while the commercial 
brake pad used had a specific gravity value of 1.32. Also, Lawal et al. [60] utilized saw-
dust as the base material to manufacture an asbestos-free brake pad. Three samples were 
created with different particle sizes and had specific gravity values of 1.91, 1.85 and 1.82, 
respectively, whereas the commercial brake pad used had a specific gravity of 1.89.

Water absorption test

Table 5 shows the result of the water absorptivity test carried out on the sample. The 
experiment was carried out over 24 h.

Sample C was the smallest porous sample and the only sample with a better water 
absorption rate than the reference sample (sample E). Its percentage composition and 
unique elemental makeup prevent water penetration. The results of this test indicate that 
the materials can adapt to conditions such as heavy downpours or water-filled ditches 
and potholes which automobile motion is often subjected to, and sample C is predicted 
to adapt the most. At the end of the 24-h period, the commercial brake pad (sample E) 

Table 3 Sample compositions

Sample Constituents

A Epoxy matrix with 300 μm particle size and coconut shell reinforcement

B Epoxy matrix with 300 μm particle size and oil bean stalk reinforcement

C Epoxy matrix with 212 μm particle size and coconut shell reinforcement

D Epoxy matrix with 212 μm particle size and oil bean stalk reinforcement

E Commercial brake pad
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was visually observed to have undergone some form of corrosion (suspected to be on 
its metallic constituents). A crimson tint appeared in the water where the sample was 
immersed, suspected to be a result of corrosion. This possible weight loss by corrosion 
might have offset some of the weight of water truly absorbed. The results of this test 
agree with Ramanathan et al. [82], who utilized lemon peel in combination with alumin-
ium oxide, iron oxide, epoxy resin and hardener to produce asbestos-free brake pads. 
The best sample produced had a water absorptivity of 0.96%. Also, Asotah & Adeleke 
[12] investigated using corn husks as filler material in brake pads to replace asbestos; the 
best sample had a water absorptivity of 0.91% (Lawal et al. [60] utilized sawdust as the 
base material to manufacture an asbestos-free brake pad); three samples were created 
with different particle sizes and had water absorptivity values of 0.63, 1.11 and 2.09%, 
respectively.

Comprehensive strength analysis and Young’s modulus of elasticity

The compressive strength of samples A–D in Tables 6, 7, 8, 9 and 10 under 80 KN/m2 
load are (114.67, 110.50, 120.52, 11 and 4.89) MPa while for sample E the commercial 
brake pad has a compressive strength of 110.70 MPa. The value of the commercial asbes-
tos brake pad is within the value reported by various authors of cognate literature stud-
ies such as Asim et al. [11], Artiola et al. [10], Obika et al. [72], Ammar et al. [9], Popoola 
et al. [77], Friday et al. [40], and Sekunowo et al. [92]. The recommended range for brake 
materials is 70–125 MPa according to Sekunowo et al. [92]. Therefore, Fig. 10 shows the 
comparison of the developed materials for brake pads and other brake pads from the 
literature to show their conformity to the recommended range of compressive strength. 
Samples A–D are within the recommended range and compete favourably with the 

Table 4 Specific gravities of samples

Specific gravity (SG) = W2 − W1 / ((W4 − W1) − (W3 − W2))

Sample W1 W2 W3 W4 Specific gravity

A 0.0457 0.0584 0.0966 0.0940 1.257
B 0.0457 0.0554 0.0955 0.0940 1.183
C 0.0457 0.0553 0.0952 0.0940 1.143
D 0.0457 0.0549 0.0951 0.0940 1.136
E 0.0457 0.0611 0.1020 0.0940 2.081

Table 5 Water absorptivity of samples

Sample Dry sample weight 
(kg)

Saturated weight (kg) Moisture absorbed 
(kg)

Water 
absorption 
(%)

A 0.0126 0.0128 0.0002 1.587
B 0.0084 0.0085 0.0001 1.19
C 0.0105 0.0106 0.0001 0.95
D 0.0092 0.0094 0.0002 2.174
E 0.0194 0.0196 0.0002 1.031
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commercial brake pad. Ruzaidi et al. [87] developed six palm slag composite specimens 
for brake pads. The specimen with the highest density of 2.69 g/cm3 yielded the high-
est compressive strength of 76 MPa. The compactness of the specimen and the nature 
of the filler contribute to the compressive strength of the whole material. Obika et  al. 
[72] obtained a compressive strength of 107.3 MPa alongside a density of 1.73 g/cm3. 

Table 6 Comprehensive test of sample A

Sample A

63 = 80kN/m2 63 = 160kN/m2 63 = 320kN/m2

Penet
(mm)

Load
N

Strain
×  10−2

Stress
kN/m2

Penet.
(mm)

Load
N

Strain
×  10−2

Stress
kN/m2

Penet.
(mm)

Load
N

Strain
×  10−2

Stress
kN/m2

0 0 0 0 0 0 0 0 0 0 0 0

0.28 4 0.42 3.56 0.30 10 0.42 8.80 0.20 5 0.30 4.40

0.53 28 0.79 24.47 0.55 20 0.78 17.55 0.45 10 0.60 8.80

0.67 48 0.90 41.90 1.15 95 1.45 81.74 0.95 12 1.35 10.40

1.00 72 1.40 62.40 1.50 122 2.15 103.50 1.15 16 1.55 13.93

1.52 108 2.17 93.30 2.10 140 2.60 116.50 2.30 28 1.20 24.20

1.99 134 2.80 114.67 2.40 156 3.50 128.45 2.60 56 3.94 47.50

Table 7 Comprehensive test of sample B

Sample B

63 = 80kN/m2 63 = 160kN/m2 63 = 320kN/m2

Penet
(mm)

Load
N

Strain
×  10−2

Stress
kN/m2

Penet.
(mm)

Load
N

Strain
×  10−2

Stress
kN/m2

Penet.
(mm)

Load
N

Strain
×  10−2

Stress
kN/m2

0 0 0 0 0 0 0 0 0 0 0 0

0.25 4 0.33 3.50 0.30 10 0.40 8.75 0.20 5 0.25 4.20

0.45 30 0.74 24.44 0.50 20 0.80 17.50 0.40 10 0.60 8.40

0.60 45 0.92 41.80 1.00 90 1.40 80.60 0.90 12 1.30 10.20

1.00 74 1.45 62.40 1.50 110 2.20 100.50 1.20 15 1.48 12.40

1.54 110 2.20 93.20 2.20 130 2.60 115.40 2.00 30 1.10 22.30

1.78 130 2.75 110.50 2.44 150 3.60 125.55 2.80 50 3.85 45.37

Table 8 Comprehensive test of sample C

Sample C

63 = 80kN/m2 63 = 160kN/m2 63 = 320kN/m2

Penet
(mm)

Load
(N)

Strain
×  10−2

Stress
kN/m2

Penet.
(mm)

Load
N

Strain
×  10−2

Stress
kN/m2

Penet.
(mm)

Load
N

Strain
×  10−2

Stress
kN/m2

0 0 0 0 0 0 0 0 0 0 0 0

0.10 21 0.12 18.49 0.70 52 0.12 45.79 0.31 6.4 0.39 5.62

0.50 26 0.80 34.31 0.60 40 0.54 47.50 0.45 12.1 0.55 9.18

0.65 42 0.98 40.82 1.10 99 1.62 11.60 0.95 15 1.38 12.24

1.10 69 1.52 68.70 1.60 140 2.85 108.14 1.10 19 1.50 18.88

1.59 98 2.48 97.42 2.09 156 2.82 120.24 2.04 32 1.21 25.10

1.90 114 2.72 120.52 2.70 170 3.94 130.48 2.60 58 3.78 50.45
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Table 9 Comprehensive test of sample D

Sample D

63 = 80kN/m2 63 = 160kN/m2 63 = 320kN/m2

Penet
(mm)

Load
N

Strain
×  10−2

Stress
kN/m2

Penet.
(mm)

Load
N

Strain
×  10−2

Stress
kN/m2

Penet.
(mm)

Load
N

Strain
×  10−2

Stress
kN/m2

0 0 0 0 0 0 0 0 0 0 0 0

0.28 4 0.39 3.51 0.32 10 0.44 8.78 0.20 5 0.28 4.40

0.53 28 0.74 24.51 0.53 20 0.74 17.50 0.43 10 0.60 8.78

0.67 48 0.93 41.93 1.02 94 1.42 81.70 0.95 12 1.32 10.44

1.00 72 1.39 62.6 1.55 120 2.15 103.54 1.10 16 1.53 13.89

1.52 108 2.11 93.22 2.03 136 2.62 116.54 2.00 28 1.00 24.00

1.99 134 2.76 114.89 2.55 151 3.54 128.43 2.80 56 3.89 47.46

Table 10 Comprehensive test of sample E

Sample E

63 = 80kN/m2 63 = 160kN/m2 63 = 320kN/m2

Penet
(mm)

Load
N

Strain
×  10−2

Stress
kN/m2

Penet.
(mm)

Load
N

Strain
×  10−2

Stress
kN/m2

Penet.
(mm)

Load
N

Strain
×  10−2

Stress
kN/m2

0 0 0 0 0 0 0 0 0 0 0 0

0.25 4 0.35 3.50 0.30 10 0.40 8.72 0.20 5 0.25 4.20

0.45 30 0.78 24.48 0.50 20 0.70 17.30 0.40 10 0.60 8.46

0.60 45 0.90 41.88 1.00 90 1.40 80.40 0.91 12 1.30 10.40

1.00 74 1.43 62.35 1.50 110 2.20 100.33 1.10 16 1.44 12.41

1.54 110 2.20 93.10 2.10 130 2.60 115.22 2.00 30 1.00 22.10

1.78 130 2.70 110.70 2.44 148 3.58 125.39 2.80 55 3.88 45.31

Fig. 10 Compressive strength of developed brake pad material and existing brake pads
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The density compares with commercial brake pads with the range (1.02–2.05) g/cm3. 
They are lighter in weight and thus conform to the standard [73, 83]. Developed samples 
A–D showed superior compressive strength due to their material makeup employed. 
The work of the authors showed that pulverized canewood and palm kernel combined 
well with epoxy resin thereby yielding a good compressive strength and density. Ruzaidi 
et al. [87] investigated different fillers such as palm slag,  CaCO3, and dolomite with phe-
nolic as a binder where metal fibre was used as the reinforcement, graphite used as a 
lubricant, and alumina served as abrasive. The work of the authors showed that dolo-
mite had an outstanding compressive strength of 90 MPa due to the high compactness 
as posited by the authors. Developed samples still showed high compressive strength 
due to their composition and compactness. Ammar et al. [9] investigated the influence 
of natural fibre on the frictional material of brake pads. Banana composite at 30% phe-
nolic resin had a compressive strength of 61.2 MPa while  BUNCp at 25% phenolic resin 
had a compressive strength of 95.6 MPa. The authors advocated for the use of natural 
fibres as it reduces environmental impact and decreases the effect of asbestos which 
generates a toxic effect on the environment. The developed samples A–D that generated 
high compressive strength values had natural fibres such as pulverized oil bean stalk and 
coconut fibres which also contribute as a viable replacement for asbestos commercial 
brake pads. Popoola et al. [77] used palm kernel shells (PKS), coconut shells (CS), sea-
shells and cowbone as fillers for the production of brake pads. PKS stood out with the 
compressive strength of 90 MPa and posited that the materials can be well combined to 
obtain brake pads. The availability of materials such as seashells comes into question as 
compared with other readily available secondary waste such as PKS and CS. The ques-
tion on the availability of materials also connects to the work of Gai Peter Friday et al. 
[40] who developed different basalt-based brake pads with a compressive strength range 
of 70–137 MPa. Ige et al. [35] developed a brake pad using maize husk and obtained a 
compressive strength value of 103 MPa which is within the recommended range of com-
pressive strength.

Plotting stress against strain, the slope of the resulting graph will yield Young’s modu-
lus of elasticity of the material. For sample A, three sets of values were provided and 
they produced Young’s modulus values of 4398.956kN/m2 (4.398956 ×  10−3 GPa), 
4189.928kN/m2 (4.189928 ×  10−3 GPa) and 1163.485kN/m2 (1.163485 ×  10−3 GPa) 
respectively.

Plotting stress against strain, the slope of the resulting graph will yield Young’s modu-
lus of elasticity of the material. For sample B, three sets of values were provided, and they 
produced Young’s modulus values of 4277.02kN/m2 (4.27702 ×  10−3 GPa), 3976.253kN/
m2 (3.976253 ×  10−3 GPa) and 1128.627kN/m2 (1.128627 ×  10−3 GPa) respectively.

Plotting stress against strain, the slope of the resulting graph will yield Young’s modu-
lus of elasticity of the material. For sample C, three sets of values were provided, and 
they produced Young’s modulus values of 4012.887kN/m2 (4.012887 ×  10−3 GPa), 
2955.38kN/m2 (2.95538 ×  10−3 GPa) and 1300.971kN/m2 (1.300971 ×  10−3 GPa) 
respectively.

Plotting stress against strain, the slope of the resulting graph will yield Young’s modu-
lus of elasticity of the material. For sample D, three sets of values were provided, and 
they produced Young’s modulus values of 4480.981kN/m2 (4.480981 ×  10−3 GPa), 
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4133.641kN/m2 (4.133641 ×  10−3 GPa) and 1155.139kN/m2 (1.155139 ×  10−3 GPa) 
respectively.

Plotting stress against strain, the slope of the resulting graph will yield Young’s modulus 
of elasticity of the material. For sample E, three sets of values were provided, and they pro-
duced Young’s modulus values of 4354.651kN/m2 (4.354651 ×  10−3 GPa), 3974.259kN/m2 
(3.974259 ×  10−3 GPa) and 1110.254kN/m2 (1.110254 ×  10−3 GPa) respectively.

Hardness test

Table 11 shows the results of the Vickers hardness test carried out on the samples. Loads 
of 3, 30 and 100 kgf were used. Hardness is measured in Vickers Pyramid Number (HV), 
and the applied load determines the number. The resulting unit is kgf/mm2 or simply 
HV number as it is the ratio of applied force to the indentation area.

HV = F/ A [kgf/mm2]

Sample C was the sample with the best values for hardness for all the applied loads of 
3, 30 and 100 kgf. Sample C was the only sample with higher hardness than the reference 
sample (sample E) for all three applied loads. Sample C had hardness values of 19.4HV3, 
28.7HV30 and 29.6HV100, while sample E had hardness values of 16.5HV3, 28.4HV30 and 
28.2HV100. This implies that for all the applied loads, sample C had the smallest area of 
indentation or the slightest deformation. It should be noted that all the samples yielded 
values in the range of the reference sample (sample E) for the three applied loads. This 
implies that the materials offer similar resistance to local plastic deformation as the com-
mercial brake pad. The test results concord with Atmika et  al. [13], Atoyebi et  al. [14], 
Ayilara et al. [15], who developed a composite material for brake lining pad using a phe-
nolic resin matrix and basalt/alumina/shellfish powder reinforcement. Vickers hardness 
test was performed on the samples according to standard ASTM E-384. The results gave 
average Vickers Hardness Numbers of 24.18, 25.11, 26.34, 27.21 and 28.83 for the five pro-
duced samples, respectively, while the asbestos brake pad had an estimated value of 24.80.

Thermal conductivity test

Tables  12, 13 and 14 present the thermal conductivities of the four developed brake 
pad composites and the commercial brake pad. This experiment was carried out on the 
PASCO’s Model TD-8556 Thermal Conductivity Apparatus and the rate of melted ice 
due to a temperature difference was used to compute the thermal conductivities of the 

Table 11 Hardness test results on samples

Sample ID HV3 HV30 HV100

Sample A 16.6 26.4 25.5

Sample B 16.4 27.5 28.5

Sample C 19.4 28.7 29.6

Sample D 18.6 26.5 26.7

Sample E 16.5 28.4 28.2
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composite samples. A low thermal conductivity is sought out among the developed sam-
ples as it is suitable for brake pad applications.

After experimenting with the needed procedures, these values were obtained:
Mass of container = 37.0 g
Time for collecting melted ice without steam, ta =10 min = 600 s
Time for collecting melted ice with steam, ta = 7 min = 420 s
Using these:
Davg = d1+d2/2

Table 12 Raw values from the thermal conductivity experiment

Samples Thickness, 
h (cm)

Diameter 
of the ice 
block before 
experiment, 
d1

Diameter 
of the ice 
block after 
experiment, 
d2

Time to 
collect 
melted ice 
without 
steam, ta

Mass 
of the 
melted ice 
without 
steam, 
mwa

Time to 
collect 
melted 
ice with 
steam, ta

Mass of the 
melted ice 
with steam, 
mw

Sample A 1 7.27 6.91 600 27 420 19

Sample B 1.6 7.39 6.91 600 24 420 17

Sample C 1.6 7.94 7.55 600 27 420 19

Sample D 1.6 7.96 7.51 600 27 420 19

Commer-
cial brake 
pad

1 6.74 6.053 600 17 420 12

Table 13 Data and calculations table

Samples Average 
diameter, 
davg (cm)

Area of 
the ice 
surface, A

Rate at 
which ice 
melted 
before 
steam, Ra

Rate at 
which ice 
melted 
after 
steam, R

Rate at which 
ice melted 
due to 
temperature 
difference, Ro

Thermal 
conductivity, 
calcm/cm2 
s °C

Thermal 
conductivity, 
W/mK

Sample A 7.09 39.48 0.045 0.04524 2.4 ×  10−4 4.86 ×  10−6 0.00204

Sample B 7.15 40.15 0.04 0.0405 5 ×  10−4 1.594 ×  10−5 0.00668

Sample C 7.745 47.11 0.045 0.04524 2.4 ×  10−4 6.521 ×  10−6 0.00273

Sample D 7.735 46.99 0.045 0.04524 2.4 ×  10−4 6.54 ×  10−6 0.00274

Commer-
cial brake 
pad

6.3965 32.13 0.0283 0.0286 3 ×  10−4 7.47 ×  10−6 0.00313

Table 14 Thermal conductivities of samples

Samples Thermal conductivity, calcm/
cm2 s °C

Thermal conductivity, 
W/mK

Thermal 
resistivity, 
Km/ W

Sample A 4.86 ×  10−6 0.00204 490.196

Sample B 1.594 ×  10−5 0.00668 149.701

Sample C 6.521 ×  10−6 0.00273 366.300

Sample D 6.54 ×  10−6 0.00274 364.964

Commercial brake pad 7.47 ×  10−6 0.00313 319.489
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Ra = mwa/ta

R = mw/t
Ro = R−Ra

k = (Ro)(80 cal/gm) (h)/ (A)(∆T).
∆T = Boiling point of water (100 °C at sea level) − 0°C = 100°C
From this, the sample with the lowest thermal conductivity value is sample A. How-

ever, this sample showed a deformation in the structure during the experiment as it 
began to melt. Therefore, the most suitable samples are samples C and D, as they gave 
a very low and suitable thermal conductivity value even when compared to sample 
E. A low value of thermal conductivity is attributed to a good interfacial bonding 
between the reinforcement particle and the matrix according to Olabisi et al. [73].

An investigation of the relationship between thermal conductivity and thermal 
resistivity, as shown in Fig. 11, is necessary to compare both high and low values of 
both thermal parameters to investigate and establish the flame retardance and suit-
ability of the developed brake pad composites.

Wear test

Table 15 presents the results for the specific wear rate and wear resistance of the con-
trol commercial brake pad and three developed samples. Sample C has the highest 
wear resistance while the control sample is quite equivalent to it. This implies that 
both sample C and the control can withstand progressive volume loss on its surface 
by sliding, friction and scraping. The material compositions and microstructures 
account for the wear resistance of brake pads a further implication is that sample C 
and the control will retain their thickness with distance when compared to samples 
A and B. The wear resistance is a reflection of the specific wear rate, the reason for 
the low wear rate of sample C and the control. These further corroborate their wear 
capacities.

Fig. 11 Thermal conductivity and thermal resistivity
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The amount of friction between two surfaces is measured by the coefficient of fric-
tion, μ. A low coefficient of friction value means that less effort is needed to cause 
sliding than would be needed if the coefficient of friction were to be high.

Table 16 presents a summary of the average coefficient of friction of the brake pads 
on different surfaces. The detailed calculation is shown in the Appendix. The brake pads 
on rubber surfaces will have more slip resistance than wood and metal since they have 
higher values of COF. Surfaces with high values of COF≥ 0.6 are generally rough and 
provide a grip for the material over the surface [115]. However, the brake disc in which 
the brake pad interacts is made of metallic material. The reason for this will be con-
nected to its resistance to combustion despite heat generation on continuous interaction 
with the brake pad, unlike the rubber and wood surfaces. Sample A is outstanding in its 
resistance to slip when compared to both the control and other samples due to its higher 
COF. Most materials in dry conditions have COF that ranges between 0.21 and 0.55 [22]. 
For tensioning and constant drag applications, where a low tangential force is necessary, 
a COF of 0.21 (on the low end) is adequate. When you wish to enhance the braking force 
in static holding applications, high-coefficient materials are frequently the best choice. 
With a higher coefficient of friction, a strong braking force can be produced with less 
fluid pressure (lighter pedal pressure).

SEM/EDX analysis

Figures  12, 13, 14, 15 and 16 show the SEM/EDS analysis used to characterize the 
advanced brake pad composites to examine the bond formation and determine their 
compositions (Tables  17, 18, 19, 20 and 21). The micrographs at different magnifica-
tions reveal inhomogeneity in their structures, they appeared as flakes, cloudy-oval 

Table 16 Summary of average coefficient of friction of brake pad on different surfaces

Wood Metal Rubber

Sample A 0.25 0.28 0.59

Sample B 0.15 0.24 0.59

Sample C 0.16 0.19 0.49

Sample D 0.15 0.23 0.62

Sample E: Control 0.98 0.25 0.78

Fig. 12 a Sample A micrograph @ ×9000. b EDX graph of sample A
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shapes while the energy-dispersive spectroscopy revealed the presence of the following 
elements at different proportions as silicon, magnesium, carbon, oxygen, calcium, iron, 
sulphur, sodium and potassium. The presence of these elements represents the char-
acteristics of individual materials that form the composite. The shiny white spot from 
the EDS is the MgO phase as maintained by Sekunowo et al. [92] while the dark spots 
are the well-dispersed FeO. The ash-coloured portion is the high crystalline ceramic 

Fig. 13 a Sample B micrograph @ 20 μm. b EDX graph of sample B

Fig. 14 a Sample C micrograph @ ×10,000. b EDX graph of sample C

Fig. 15 a Sample D micrograph @ ×9000. b EDX graph of sample D
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compound formed from the mixture of aluminium dross and additives. The micrograph 
for all the samples also showed that FeO where well dispersed without accumulating at 
a spot. Microstructure shows a partial adhesion of the particles for sample A, improved 
adhesion for sample B, good adhesion for sample C similar to commercial sample E, and 

Fig. 16 a Sample E micrograph @ ×10,000. b EDX graph of sample E

Table 17 EDX analysis of sample A

Elements Si Mg C O Ca Fe S Na K

WT (%) 50.75 0.63 10.00 25.00 0.15 3.65 9.10 0.22 0.13

Table 18 EDX analysis of sample B

Elements Si Mg C O Ca Fe S Na K

WT (%) 47.20 2.70 5.00 25.00 2.21 3.40 10.00 2.42 2.15

Table 19 EDX analysis of sample C

Elements Si Mg C O Ca Fe S Na K

WT (%) 44.60 0.70 4.00 37.00 0.01 3.60 10.00 0.02 0.10

Table 20 EDX analysis of sample D

Elements Si Mg C O Ca Fe S Na K

WT (%) 47.60 1.20 6.10 30.40 8.45 6.35 - - -

Table 21 EDX analysis of sample E

Elements Si Mg C O Ca Fe S Na K

WT (%) 49.40 0.80 3.00 35.00 0.02 3.20 8.0 0.22 0.30
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good adhesion for sample D; between the base particle and the reinforced particle. Sam-
ple C and Sample E had few microvoids, unlike samples A, B and D which had more 
sized microvoids. SEM was used to analyse the surface morphology of the brake pad 
materials, and EDX was used to determine the composition of the materials. Figures 12, 
13, 14, 15 and 16 illustrate the SEM/EDS analysis utilized in the evaluation of the cre-
ated brake pad composites to analyse bond formation and determine their compositions. 
Every sample must conform to the specifications of the specimen chamber to be accom-
modated, and they are frequently firmly mounted on a specimen support, or “stub,” to 
hold the sample in place. A 6-in. (15-cm) semiconductor wafer can be examined in all 
of its sections using a variety of scanning electron microscope types, some of which can 
be tilted to 450°. Depending on the application, samples will be coated with electrically 
driven platinum layering, which will either be deposited on the sample by low-vacuum 
sputtering or high-vacuum evaporation. To maintain an adequate vacuum at the electron 
gun, the optical electron column is pumped, which results in a short working distance 
for SEM devices placed in a relatively high-pressure chamber with a short working dis-
tance. The high-pressure area surrounding the SEM sample cancels out. The high-pres-
sure zone that surrounds the SEM sample neutralizes the load and greatly amplifies the 
secondary electron signal’s strength. Because field guns (FEG) can produce high primary 
luminosity and small spot sizes even at low accelerating potential, low-voltage scan-
ning electron microscopy (SEM) is frequently performed in a FEG-SEM. A resin with a 
mirror-like finish that can be used with back-drawn electrodes or for quantitative X-ray 
microanalysis can incorporate biological and material specimens. The energy-dispersive 
X-ray spectroscopy (EDS) spectra revealed the elemental makeup of the samples, while 
the micrographs demonstrated the inhomogeneity in the microstructure of the samples 
as particles emerged in dendritic and oval shapes. O, Si, Al, Mg and Ca were present in 
sample A, and these elements as well as Fe (iron) were present in samples B, C, D and E. 
Some of the EDS spectra also showed phases that could not be differentiated, indicat-
ing the presence of additional elements in the traces. The dark spots in the microstruc-
ture were probably caused by the FeO phase from the mill scale, while the whitish spots 
were probably the MgO phase from the magnesia. The mullite (3Al2O3•2SiO2) phases, 
a highly crystalline ceramic compound made from a bentonite-silica mixture, are most 
likely responsible for the ash-coloured needle-like portions, while the spinel phase that 
formed during the samples’ sintering is most likely responsible for the grey and whitish 
spots. The micrographs in Figs. 12, 13, 14, 15 and 16 demonstrated that there was no 
obvious agglomeration and that the FeO was evenly distributed throughout the micro-
structure. The sintering between the mill scale particles and the matrix particles is evi-
dent in the microstructures, which also demonstrated good adhesion of the particles.

Sample A was maintained at a pressure of 70 Pa, an accelerating voltage of 15 keV was 
applied, magnifications of ×8000, ×9000 and ×10,000, working distances of 5.2 and 5.6 
mm, horizontal field widths of 114, 122 and 126 m, and scales of 2, 10 and 100 m were 
utilized in various combinations to produce the micrographs shown below for the SEM 
analysis. Figure 12 reveals that the peculiar dual-layered structure of the resin film may 
be to blame for the preferential cracking. As a result of concentrated stress/strain local-
ized near the interface between the amorphous layer and the aluminium substrate, dur-
ing compressive deformation, the amorphous layer may begin to crack. Another factor 
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to consider is the significant length of time sample A took in comparison to the other 
samples to harden. The cracking could be present as a result of impurities in the mixture.

Sample B was maintained at a pressure of 70 Pa, an accelerating voltage of 15 keV was 
utilized, magnifications of ×9000 and ×1000, working distances of 5.4, 8.3 and 8.6 mm, 
horizontal field width of 122 m, and scales of 20, 50 and 100 m were used in various 
combinations to produce the micrographs displayed below for the SEM analysis. Con-
trarily, Figs. 12 and 13 show the distribution of alumina in the white area and the resin 
binder in the dark area and a significant concentration of cracks in the microstructure 
which is a result of the peculiar dual-layered structure of the resin, and sample harden-
ing period. The EDX analysis shows how much Na and K are present in the formulation. 
Sample C was maintained at a pressure of 70 Pa, an accelerating voltage of 15 keV was 
utilized, magnifications of ×8000, ×9000 and ×1000, a working distance of 8.6 mm, hor-
izontal field widths of 121 and 122 m and scales of 20 and 50 m were utilized in various 
combinations to produce the micrographs shown below for the SEM analysis. The EDS 
analysis of this sample reveals that silicon has a very high percentage composition. Fig-
ures 12 and 14 indicate that it has a pozzolanic impact, according to the results. Silicon 
sand, for example, will react with calcium hydroxide, often known as hydrated calcium. 
Any substance that exhibits a favourable reaction with hydrated calcium demonstrates 
that the material has a pozzolanic effect. An even distribution of the dry mixture with 
the resin is also evident. There is little to no visible variability with regard to white and 
dark spot concentrations which reflect the homogenous mixture of the dry material 
composition with the resin. Sample D was maintained at a pressure of 70 Pa, an acceler-
ating voltage of 20 keV was applied, magnifications of ×8000, ×9000 and ×1000, work-
ing distances of 10.5, 10.6 and 10.7 mm, horizontal field width of 128 m and scales of 20 
and 50 m were used to create the micrographs displayed below for the SEM analysis. In 
this sample, Figures 15 and 16, the elemental composition is revealed by the EDS, which 
includes oxygen, carbon, silicon, potassium, magnesium and aluminium, to name a few. 
The presence of aluminium indicates the existence of aluminium dross, calcium and the 
presence of aluminium as a binder. Based on the potassium content in the sample, it can 
be concluded that the sample has a strong binding capacity and can form strong bonds 
with the base material, which is aluminium dross. Figures 14 and 15 also show cracks 
for the 212 μm particle size and oil beanstalk reinforcement and significant displace-
ment of alumina in the white area and the resin binder in the dark area. The sample 
hardening period is a factor in the concentration of cracks in the microstructure. Sample 
E was maintained at a pressure of 70 Pa, an accelerating voltage of 15 keV was applied, 
magnifications of ×8000, ×9000 and ×1000, a working distance of 8.6 mm, horizontal 
field widths of 105, 121 and 122 m, and scales of 50 and 100 m were used to create the 
micrographs displayed below for the SEM analysis. Using SEM, the crystal morphologies 
of the generated samples can be seen. According to the SEM study, microstructures of 
coconut fibre in sample C displayed a uniform distribution of abrasive, solid lubricant, 
binder and friction modifier in the aluminium matrix. Finally, it can be said that the 
structures displayed an uneven distribution of the elements, which contributed to the 
inconsistent outcomes. Different particle or element sizes and weights are also contribu-
tors to the distribution’s heterogeneity. EDS was also used to analyse the materials. The 
EDS spectrum revealed the presence of silicon, magnesium, carbon, oxygen, calcium, 
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iron, sulphur, sodium and potassium, as well as other elemental components. The EDS 
picture result demonstrates the elemental composition of the samples. As corroborated 
by Agunsoye et al. [6], the SEM micrograph reveals that the composition of the compos-
ite material is slightly heterogeneous due to the varying constituent material combina-
tions (2016). The elemental composition by weight percentage reveals that the samples 
contain eco-friendly elements. All elements present make a unique contribution to the 
final product, and their behaviour is discernible at low, moderate and high temperatures 
or rates of the chemical reaction occurring in the final product. From Figs. 12, 13, 14, 
15 and 16, the crystal morphologies of the developed samples were imaged using SEM. 
The samples were also examined using EDS. The EDS spectrum revealed the presence 
of silicon, magnesium, carbon, oxygen, calcium, iron, sulphur, sodium, potassium and 
other elemental constituents. The EDS image result is evidence of the elemental makeup 
of the samples. The SEM micrograph indicates that the composition is slightly heteroge-
neous due to different constituent material combinations for the composite material, as 
supported by Agunsoye et al. [6] and Akil et al. [7]. The elemental composition by per-
centage weight shows eco-friendly elements in the samples. All elements present have a 
specific contribution to the final product. Their behaviour can be evident at mild, mod-
erate and elevated temperatures or the rate of the chemical reaction taking place in the 
product.

Summary of results

Properties Highest value Lowest value Control 
(commercial 
brake pad)

Specific gravity 1.257 (Sample A) 1.136 (Sample D) 2.081
Water absorptivity 1.19 (Sample B) 0.95 (Sample C) 1.03

Compressive Strength (MPa) 120.5 (Sample C) 114.89 (Sample D) 110.7

Hardness Value (HV100) 29.6 (Sample C) 25.5 (Sample A) 28.5

Thermal Conductivity (W/mK) 0.00668
(Sample B)

0.00204 (Sample A) 0.00313

Wear resistance (mm/mm3) 0.099 (Sample C) 0.032 (Sample B) 0.098

Specific wear rate
(mm3/Nm)

3.09 (Sample B) 1.00 (Sample C) 1.02

COF (wood surface) 0.25 (Sample A) 0.15 (Sample D) 0.98
COF (metal surface) 0.28 (Sample A) 0.19 (Sample C) 0.25

COF (rubber surface) 0.62 (Sample D) 0.49 (Sample C) 0.78

The italicized data indicates the preferred value in terms of application while bold data 
of the control shows the preferred value when compared to the developed samples. From 
the summary table, sample C (212 μm: coconut shell powder) appeared most with five 
desirable values in water absorptivity 0.95, compressive strength 120.5 MPa, hardness 
value 29.6 HV100, wear resistance 0.099 mm/mm3, specific wear rate 1.00  mm3/Nm. The 
chemical composition, particle sizes and good interfacial bonding of the microstructure 
are responsible for the outstanding values. Next close to it is sample A (300 μm: coco-
nut shell powder) with four desirable values in specific gravity 1.257, thermal conductiv-
ity 0.00204 W/mK, COF (wood surface) 0.25, COF (metal surface) 0.28. Sample D (212 
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μm: oil bean powder) only appeared outstanding in one negligible COF (rubber surface). 
Sample B (300 μm: oil bean powder) did not appear remarkable in any of the proper-
tiesThese objectives were met as the eco-friendly brake pads were manufactured from 
natural fibres. The mechanical, chemical and thermal testing were conducted on these 
brake pads and the results of these tests were compared to those of existing brake pads.

From the results of these tests discussed, it can be summarized that:

• The composite materials are free of harmful elements and compounds, as shown by 
the elemental analysis, and have a low sulphur content;

• The developed samples had low water absorption rates, which is desirable, and sam-
ple C had the best rate at 0.95 percent after 24 h;

• The specific gravities of the developed samples were significantly lower than that of 
the control sample;

• The specific gravity of the developed samples was significantly lower among the 
developed samples, sample D had the lowest specific gravity (1.136), while sample A 
had the highest specific gravity (1.257); all developed samples exhibited very similar 
hardness values when compared to the commercial brake pad, but only sample C 
exhibited superior hardness for all three applied loads.

• Sample C had Vickers hardness values of 19.4HV3, 28.7HV30 and 29.8HV100;
• The developed samples all displayed similar values for Young’s modulus of elasticity 

when compared with the commercial brake pad, indicating materials with a simi-
lar elasticity, whereas sample A and sample D demonstrated superior elasticity in all 
three sets of stress and strain values provided;

• The coconut shell-reinforced composites are denser than their oil bean counterparts 
and this should be taken into consideration

The developed brake pads performed better than the existing commercial brake pads. The 
chemical tests demonstrated that the natural fibres adhered effectively to the epoxy matrix, 
and the thermal and mechanical testing yielded results comparable to those of commercial 
brake pads. Thus, they can be utilized as an acceptable substitute for asbestos brake pads.

Conclusions
An asbestos-free brake pad was developed from aluminium dross, epoxy resin/hardener, 
carbon black, oilbean powder, coconut shell powder and pulverized metal chips using 
the compressive mould method. Analysis of the produced composite brake pad was 
done, and the results were compared to imported brake pads purchased in Nigeria.

The produced composite was found to be somewhat suitable for use as brake pads for 
cars based on a comparison of output. There was good interfacial bonding for the sam-
ples but coconut shell powder was outstanding as it increased from 212 to 300 μm which 
is evident in both samples C and A. Specific conclusion for each test is given as follows:

• Compressive strength, hardness and specific gravity of the developed brake pad 
samples were seen to be increasing with increasing the particle size of the pulver-
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ized coconut shell from 212 to 300 μm, while the water absorption and wear rate 
decreased with increasing the particle size of pulverized coconut shell.

• The composite materials are free from harmful elements and compounds as shown 
by the elemental analysis and have a low sulphur content.

• The developed samples had low water absorption rates which are desirable and sam-
ple C had the best rate at 0.95% after 24 h.

• The specific gravities of the developed samples were considerably lower than that of 
the commercial brake pad indicating a lighter and less dense material. Of the devel-
oped samples, sample D had the lowest specific gravity (1.136), while sample A had 
the highest specific gravity (1.257).

• All the developed samples gave very similar hardness values when compared with 
the commercial brake pad but only sample C provided superior hardness for all three 
applied loads. Sample C had Vickers hardness numbers of 19.4HV3, 28.7HV30 and 
29.6HV100.

• The compressive strength of the developed samples is within the recommended 
standard and is within the value of the commercial brake pad, sample E. Sample C 
has the highest compressive strength integrity. The coconut shell-reinforced compos-
ites are denser than their oil bean counterparts and this should be taken into consid-
eration based on the application required. The developed brake pads fared favourably 
when compared with the existing commercial brake pads.

• The chemical tests showed the natural fibres bonded well in the epoxy matrix, 
and the thermal and mechanical tests showed comparable results with the values 
obtained from the commercial brake pads. They can be used as a suitable replace-
ment for asbestos brake pads.

• Coconut shells and oil bean stalk natural fibres serve as good fillers for the develop-
ment of brake pads. The results obtained for the coconut shell particles compared 
favourably with that of the commercial brake pad.

The results of this research indicate that coconut shell particles combine well with alu-
minium dross, metal chips, graphite and resin-hardener binders. Sample C and sample 
A can be effectively used as a replacement for asbestos in brake pad manufacture.

Nomenclature

Symbol Name Unit

ρ Density Kg/m3

k Thermal conductivity Wm−1K−1

∆T Temperature difference K

q Rate of heat transferred W

A Indentation area mm2

F Applied force N

W Weight Kgms−2

L Thickness m
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Abbreviations
EDX  Energy-dispersive X-ray spectroscopy
HV  Heating value
SG  Specific gravity
SEM  Scanning electron microscope
PKS  Palm kernel shell
CS  Coconut shell
COF  Coefficient of friction
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