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Abstract

Many variables affect braking systems in the automotive industry, including component geometry,
brake materials, component interactions, and various operating conditions. The current research trend
in the automotive industry is to use waste as raw material for nanocomposite materials in automobile
applications. A novel bio-based hybrid nanocomposite (BHN) brake pad has been developed and
investigated to serve as a functional replacement for metallic, ceramic, and hazardous asbestos-based
brake pad materials. Carbon-based nanocomposites such as carbon nanospheres, carbon nanotubes,
carbon nanosheets, and carbon nanofibers, etc., have attracted wide attention from researchers since
their discovery. Carbon nanospheres (CNSs) are among the novel carbon nanostructures distinguished
for their potential use in many areas, for instance lithium-ion batteries, electrodes in super capacitors,
different parts of automobiles and adsorbents. In this study, CNSs were synthesized from palm kernel
fiber (PKF) activated carbon using a simple physical activation method under CO. The BHN consisted
of a matrix of carbon nanomaterials from PKF which acted as the filler material, epoxy resin which
acted as the binder material, together at a nanoscale to produce brake pad. The temperature effect on
synthesized nanomaterials was investigated using transmission electron microscopy (TEM), x-ray
diffraction (XRD), scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy (EDX),
Fourier transform infrared microscopy (FTIR), and thermo-gravimetric analysis (TGA). The SEM
results showed the highest purity, and the largest number of CNSs were formed at a synthesis

temperature of 1000 °C.

The tribological properties of BHN brake pads were studied and compared with conventional (CON)
brake pad material. The BHN brake pads exhibited low wear rate compared to the CON brake pads,
while the coefficient of friction (COF) of the BHN brake pad samples (0.3 to 0.5) were within the SAE
J661 CODE standard. The results showed that the brake pad performance differed with each pad
formulation. The BHN brake pad material had excellent performance in most of the analyses when
compared to the CON brake pad material. The mechanical properties of the BHN brake pad such as
compressive strength, compressive modulus, hardness and impact strength were tested. The
nanocomposite material showed a higher impact strength and compressive strength compared to the
(CON) brake pads. The hardness of the material of the two brake pads was statistically akin.
Furthermore, the performance of oil and water absorption, thermal stability as well as degradation of
the BHN brake pad were determined. The results showed that the BHN brake pad material had low oil
absorption rate and low moisture water absorption rate. The BHN brake pad showed thermal stability

within the range 300 °C to 400 °C, which are within the standard temperature range.

Result from SEM analysis carried out on the worn surfaces of the BHN brake pads reveals a tougher

structure than SEM of the worn surfaces of the CON brake pads. Dynamic mechanical analysis (DMA)
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results showed that at a temperature between 55 °C and 105 °C, the Tan § magnitude of BHN was
higher due to the loss modulus supremacy over the storage modulus. In addition, in the temperature
range 105 °C to 190 °C, the storage modulus and the loss modulus was as low as that of the CON, and
the BHN Tan § magnitude reduced. Excellent mechanical and tribological properties of BHN brake
pad was achieved at 0.3 % CNS.
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CHAPTER I: INTRODUCTION

1.1 General introduction

Braking systems are the most critical safety components, especially for slowing down or stopping
vehicles such as modern passenger cars [1]. Brake pads are used to control the working speed of
different types of machinery such as cars, boats, aircraft, motorcycles, trains, and automobile vehicles
[2]. The development of functioning brake pads and discs, which are among the main components of
braking systems disc type, has been the subject of much research since their invention so as to improve
their braking performance. Brake pad composition continues to change to meet technological growth
and environmental requirements. Researchers and engineers have concentrated on selecting materials
for brake pads from the friction material perspective and in relation to their tribological properties.
Choosing a suitable brake pad for commuting has created numerous challenges, regardless of the
braking systems’ quality and performance. These challenges include but are not limited to high braking
force, maintaining a constant friction coefficient, low absorption, dissipating heat energy over a short
time, and improving wear resistance, all of which make the braking requirements for brake pad material
more complicated. Other aspects of the braking experience which brake pad manufacturers have to bear
in mind include pneumatic pressure, thermal stresses and mechanical fade on both the wheel and on the
surface of the brake pad. Development of brake pads with properties that can improve the braking
performance in the automobile industry have become a necessity [3-7]. Some research groups have
responded to the environmental challenges by researching alternatives to asbestos brake pads which

include constituents such as copper (Cu), tin (Sn) and whiskers which are harmful to humans [8-11].

Due to the health issues associated with using asbestos brake pad material, the whole world has focused
on producing bio-based materials with the same mechanical and thermal properties, which is the most
important interest of the current research [2, 12-15]. A braking system must offer vibration-free
performance, stable friction, low noise, and low wear rate. For that reason, it is not easy to develop cost-
effective brake pads with satisfactory performance. Each component makes an essential contribution to
the thermo-mechanical properties of a brake pad [16, 17]. Studies have affirmed that brake pad material
must offer good thermal stability to avoid an increase in wear at higher temperatures [17]. Besides, the
brake pad must have low thermal expansion as well as capacity to absorb the heat that dissipates from

the friction surfaces within seconds [18].

Although significant improvements have been made in developing brake pad materials for automobiles,
but problems such as heat dissipation and noise pollution still exist. Multi-phase composites typically

contain more than ten components. During the braking operations, these components work together to



achieve different performances [19]. Extensive research has been widely discussed and is available for
reference in the literature regarding the role of other fibers [20, 21], fillers [22], binders [23], and
modifiers [24, 25] in the formulation of brake pads.

Carbon nanospheres (CNSs) similar to the type used in this study are produced using the chemical vapor
deposition method (CVD) and used as a filler to improve the performance properties such as mechanical
and tribological properties as well as thermal stability of material [26-29]. In this study, epoxy resin
was one of the main components used as a binder to uphold the structural wholeness of the material in
the brake pad mixture under thermal and mechanical stress. Epoxy resin is a basic component that holds
together and combines all components of the brake pad. Graphite nanoparticles with a density of 1.8
g/em?, a size of < 100 nm and 99.5 % purity from hydrophobic natural graphite were used as a friction
modifier. Graphite is generally employed as an internal lubricator because it improves thermal stability
and is used to check the friction and wear of the brake pads [30-32]. Stainless steel nanoparticles with
a density of 7.86 g/cm’, a size of 70 nm and 99.9% purity were used as reinforcement to improve the
properties such as mechanical, tribological, and thermal stability of the BHN brake pad. These materials
were intended to improve the performance of the brake pad friction materials [17, 20, 33-37]. The role
of nanoparticles in friction composite formulations is to effectively control the performance of fade and

recovery of the brake pad [38-40].

According to Nagesh et al. [41], a brake pad is a mixed material consisting of various constituents that
improve the brake performance under various conditions such as high or low temperatures. These
components improve brake pad durability, increase pad strength and rigidity, and reduce brake pad
noise during their operation. Similarly, they should be environmentally friendly. Ikpambese et al. [14],
Lawrence and Paul [42], and Kim et al. [43] emphasize that the combination ratios, the nature of the
materials, the mixing methods, and the manufacturing techniques of these materials determine the
properties of the final product (brake pad sets). Kumar et al., [44] varied four different bio-composite
materials for brake pad application using compression molding machine by analysing the wear rate and
frictional behaviour of the new composites. The bio-composite materials were discovered to be well-
suited with each other. Vivek et al., [45] used bio-based material (Palm fiber) as reinforcement for
absorbent brake pad production. They evaluated the effect of palm fiber on mechanical, physical, and
tribological properties of the newly brake pad composite by varying the pressure and speed in a pin on
disc tribometer. The result showed that the palm fiber composite friction stability is high at high
pressure, and thus reduces fluctuation for continuous sliding. This means all these factors must well-
controlled and considered when producing brake pads. Brake pads are required to meet all the
engineering and environmental requirements [43]. The engineering requirements include mechanical,
tribological, and thermal properties. Motor vehicle companies discovered that it is easier to adjust the

brake pad than change the braking system [46].



1.2 History and overview of brake pads

Brake history goes back to the late 19th century when automobile braking (rail) systems were used
consisting of wood and leather components. Brake pads are an essential component of the vehicle
braking system. Brake pads help to smooth deceleration and keep the vehicle at a stop when it is parked.
Brake-efficiency depends on the quality of brake pads used and excellent composition [43]. Good brake
pads must be reliable, safe, and effective. Therefore, the material or combination of brake pad materials
must have good engineering and environmental qualities. In 1953 the United States introduced phenolic
resin as a new binder for the patent area of the brake shoe [47]. Regarding the development of resins,
there is a continuous record of lignin in brake pads applications since 1977. Jacko and Gager [48]
developed patents that used different kraft lignins and lignosulfonates as a fractional substitute for

phenolic resin, indicating that lignosulfonates have better thermal stability than Kraft lignin.

The selection of materials is one of the necessary procedures for the production of brake pads. Maleque
et al. [49] observed that selection and combination of materials for the ideal brake pad is not a simple
job but a systematic process involving various decision-making stages. Nicholson et al. [50] stated that
the selection of brake pad material depends not only on the material function but also on the available
material, material costs, and material handling. Jang and Kim [51] and Kennedy et al. [52] stated that
material selection is primarily based on the suitable properties needed for brake pad performance. The
material or mixture of materials used for brake pads must have particular properties before they can be
used for brake pad applications. These include thermal stability, mechanical strength, stable friction
coefficient, short braking distance and low wear rate. Lawrence and Paul [4] stated that brake pad
material composition is in three categories: metallic, semi-metallic and non-asbestos organic (NAO)
materials. Many studies have been done on the nanocomposites as well as several types of fibers such
as glass, ceramic, metallic and mixtures of carbon fiber for production of brake pad applications [17,
41, 53-60]. The fibers mentioned above are widely used as fillers or reinforcements material to produce

NAO brake pads [4, 54].

However, NAO brake pad materials exposed to a high-temperature environment commonly encounter
an incident called fade [56, 61-63], where the average low-temperature friction coefficient decreases in
the short term. For safety reasons, automotive brake pad materials must be light and withstand high
temperatures and absorb adequate friction energy [56]. There is a great need for better thermal resistance
due to the thermal degradation characteristics in organic material. Authors have considered carbon
nanotubes (CNTs) and carbon nanospheres (CNSs) as being suitable for brake pad applications due to
their low density and high thermal resistance. This study used palm kernel fiber (PKF) activated carbon



to grow CNSs through a simple physical activation method under a CO, to produce brake pad material

instead of using commercial CNSs which are difficult to disperse and are very expensive.

As established by many researchers [5, 14, 18], various studies have been carried out on materials or
constituent combinations to produce brake pads and determine their strength. All the reinforcement
materials are carbon-based, but they have different functions. In this study, the CNSs were used to
improve the mechanical and tribological properties as well as the thermal conductivity of the BHN
brake pad. The graphite nanoparticles acted as an internal lubricant to control the wear and the friction
coefficient of the brake pad. The bio-based hybrid nanocomposite for the BHN brake pads was
developed by selecting raw materials, then weighing, mixing, compacting and sintering of the materials.
In the mixing process, graphite nanoparticles were added to minimize fracturing. In this study, PKF
CNSs were used as a filler material. The method used in the production of this newly developed bio-
based hybrid nanocomposite brake pad was the powder metallurgy technique due to its ability to obtain
uniform part and reduce faded. Testing of hardness, wear, absorption, compression strength, impact,
thermal conductivity, and friction coefficient was used to determine the fitness of the materials for brake
pad application. The testing of material properties helps with the selection of a suitable combination of

materials and improves the study consistency.

1.3 Problem statement

Historically, asbestos has been used in brake pads as the primary material, though it started to be avoided
because of its carcinogenic nature and high cost, so asbestos substitutes emerged [64]. After banning of
asbestos, many metallic and semi-metallic materials have been used [65-68]. Presently, the most
important area of research is the use of natural fiber as the primary component in production of brake
pads [67, 69, 70]. Due to biodegradability and cost efficiency, synthetic fibers have been replaced with
natural fibers. Many natural fibers have been used as the main component in brake pad applications and
different results have been obtained. Thus, to prevent health issues and minimize production costs, new
asbestos-free brake pads need to be produced locally from natural fiber. For that reason, it is essential
to research the exact formula and mixture ratio of the additives to formulate a functioning brake pad
material with superior or equivalent properties to existing brake pad materials commonly used by local

vehicles.

14 Research motivation

Biobased CNSs are becoming a more favorable alternative to synthetic carbon nanotubes because they
are thermally stable and form smaller agglomerates. In monitoring the morphology and yield of CNTs,

the precursor material used is essential. For example, precursors rich in carbon, hydrocarbons, graphite

4



powder, and petroleum pitch have been used already, and there is ongoing research in this field.
However, due to environmental risks and possible toxicity, it is essential to manufacture nanomaterials
from green sources that are not harmful to humans and the environment, and this is the motivation

behind this study.

The motivations for this research work were:
i.  Lack of literature on carbon nanomaterials synthesised from palm kernel fiber.
ii.  Limited past literature on the development of biobased hybrid nanocomposite brake pads using
PKF activated carbon.
iii.  Lack of prior studies on the thermo-mechanical properties of bio-based hybrid nanocomposite

brake pads from PKF.

1.5 Statement of purpose

The safety and toxicity problem is becoming more prevalent as nanoparticle applications increase since
they have been recorded as damaging humans and wildlife as they can enter the body through breathing,
digestion, and skin contact [71, 72]. In recent times, concern for environmentally friendly and
renewability of materials has grown, giving rise to the study of bio-based precursors in the synthesis of
carbon nanomaterials. The results show that biomass nanocomposites have excellent potential for
nanotechnology because they can be derived from agricultural waste. Besides improving environmental
sustainability, bio-based nanocomposites also improve rural economic development as well as the
national energy security [73]. In 2014, the South African Department of Science and Technology
launched the national bio-economy strategy. The document stated that bio-based materials should be

developed from non-fossil resources, for instance, biomass [74].

Therefore, the purpose of this research was to synthesize carbon nanocomposite from a PKF bio-based

precursor using it as a filler to produce brake pads.
1.6 Aim of the study
This research aimed to develop an efficient brake pad material from PKF bio-based hybrid

nanocomposite material and investigate these brake pads' functional properties compared with

conventional brake pads.



1.7 Objectives of the study

a. To Convert PKF agricultural waste to carbon nanomaterial.

b. To synthesize and characterize carbon nanomaterials from PKF activated carbon.

c. To develop a brake pad consisting of nanocomposites material synthesized from agro-waste,

steel nanoparticles, and graphite nanoparticles.

d. To determine the mechanical and tribological properties such as wear rate, coefficient of
friction, microstructure analysis, hardness, impact strength, and compressive strength of bio-
based hybrid nanocomposite (BHN) brake pad material compared with conventional brake pad

material.

e. To determine the BHN brake pad thermal properties, such as dynamic mechanical analysis
(DMA) and thermogravimetric analysis (TGA) compared with those of conventional (control)

brake pads.

1.8 Research hypothesis

Bio-based nanocomposite can be synthesized from PKF through ethanol vapor treatment. The
morphology and size of the synthesized bio-based hybrid nanocomposite depend on the temperature of
the synthesis. The newly developed BHN brake pad friction material is a suitable replacement for
current brake pads because it provides better durability, improved braking performance, and eco-

friendliness.

1.9 Synthesis techniques of carbon nanospheres

The materials included CNSs synthesized from PKFs, steel nanoparticles, graphite nanoparticles, and
epoxy resin as a binder. To synthesize the nanomaterials, the PKFs were collected, cleaned, and sun-
dried to remove the moisture content. The PKFs were then inserted in a horizontal tube furnace where
carbonization took place at 600 °C for two hours. The carbonized PKF was physically activated at
temperature 850 °C for one hour using CO» gas to improve the carbonized material’s pore structure,

followed by treatment in methanol vapor for 60 minutes in the presence of argon gas to produce CNSs.



1.10  Thesis layout

The thesis consists of the outcomes of research published in peer-reviewed journals for awarding of a
doctoral degree as required by the University of KwaZulu-Natal. Six publications were produced for

the thesis and the thesis is divided into seven chapters.

Chapter 1 is the study introduction, problem statement, research motivation and statement of purpose.

It also presents the aim, objectives, research hypothesis and highlights major contributions of the study.

Chapter 2 is in two parts. Part 1 provides a critical review of the most suitable eco-friendly and optimal
brake pad composites and provides a broad review on biomass-based composites from agro-waste such

as natural fibers.

Chapter 3 is a comprehensive review on the effects of fiber, fillers and binders on automobile brake pad
performance and provides a review of the influence of different binders such as phenolic resin, and
epoxy resin.

Chapter 4 discusses the general time and economical methods of preparing CNSs from palm kernel
fiber bio-based materials. Carbon nanospheres were successfully synthesized from PKF activated
carbon through ethanol vapor treatment at 700 °C to 1000 °C at 150 °C intervals.

Chapter 5 examines the effect of synthesis temperature on CNSs from PKF activated carbon.

Chapter 6 presents the results of tribological study of brake pad applications developed from bio-based

hybrid nanocomposites compared with conventional brake pads.

Chapter 7 focuses on the thermo-mechanical analysis of prepared brake pad applications from bio-based

hybrid nanocomposites compared with control brake pads.

Chapter 8 presents the conclusions drawn from the study, and recommendations for future work.
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ABSTRACT

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

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

The brake pad is one of the most important components of an automobile braking system,
as its helps in the conversion of a vehicle’s kinetic energy to heat energy. The types of
automotive brake pads that are in the market are characterized by metallic materials, semi-
metallic materials or non-asbestos organic (NAQO) materials [9]. According to Idris et al. [10],

http://www.iaeme.com/IJMET/index.asp editor@iaeme.com
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a brake pad is a steel back-plate with a friction material bound to the surface facing disk. The
effectiveness and performance of brake pads are absolutely dependent on the frictional material
used in the process of its manufacture [11]. In recent years, extensive research has focused on
environmentally friendly brake pad composites that use natural fiber from agro-waste as a
replacement for asbestos fibers [12].

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

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

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

2. AGRICULTURAL WASTE

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

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

resources
Brazil | China | India |Indonesia | Malaysia | Philippine | Thailand | USA | Vietnam
IBanana 6.90 10.55 | 24.87 6.19 0.335 9.23 1.65 0.008 1.56
(Coconut 2.82 | 0250 | 11.93 18.30 0.605 15.35 1.01 NA 1.31
Pineapple 248 1.00 1.46 1.78 0.334 240 2.05 0.180 0.540
Sugarcane | 0.739 | 125.54 | 341.20 | 33.70 0.830 31.87 100.10 | 27.91 20.08
IRice 11.76 | 203.29 | 159.20 | 71.28 2.63 18.44 38.79 8.63 44.04
0il palm 1.34 | 0670 | NA 120.00 100.00 0.473 12.81 NA NA
ifruit
Jute 26,71 | 0.17 1.98 0.007 0.002 0.002 0.06 NA 0.02
Kenaf 1420 | 0.08 | 0.12 4.35 0.01 NA 1.30 NA 8.20
IFlax 0.71 047 | 022 NA NA 0.002 0.01 0.004 NA
Sisal 025 | 015 | 021 0.03 NA NA 0.003 NA 0.01
‘Abaca 120 | 0.65 NA 0.05 NA 0.08 NA NA 0.01
Kapok NA 0.06 NA 0.03 0.008 NA 0.07 NA 0.003
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Agricultural waste as shown in Figure 1 can be found in many plants, for example oil palm
tree, corn stalks, bagasse, bamboo, coir (coconut shell), sugarcane pineapple, banana, rice
husk, rice straw and plants (stem, leaf, seed, fruit, stem, grass, reed) [17]. Only 10 % of the
potential of these natural fibers are being harnessed and used as alternative raw materials in
industry, where the most common applications include bio-composites, bio-medical,
automotive parts, and others [20]. The most important fiber waste produced by agricultural
activities are cellulose fibers (CF) which have the potential to enhance materials because of
their easy availability, lightweight, renewable, degradable, low abrasive properties, and low
cost[17, 18, 20]. Cellulose fibers (CF) occurs in combination with other materials for instance
lignin, hemicelluloses and pectin [21]. Agro-waste is the most abundant form of natural fiber
and has been used in many areas of modern industry These materials vary in relation to

Figure 1. Agricultural waste

2.1. Properties of Agricultural Biomass

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

2.1.1. Chemical Properties

According to Kumar et al. [24], agricultural biomass is mainly made of cellulose, hemicellulose,
and lignin, as well as small amounts of pectin, protein, and ash. Cellulose is a semi-crystalline
polysaccharide composed of D-anhydroglucose and glycosidic bonds. It offers strength,
stiffness and structural stability to the fiber, helping to maintain the structure of the plant, and
serves as a determining factor in its mechanical properties. Hemicellulose is a branched and
fully amorphous polymer. Lignin is a complex hydrocarbon polymer with aliphatic and
aromatic components. Lignin is linked with hemicellulose in agricultural plant cells and plays
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[69], the material must exhibit an appropriate value of friction coefficient and good wear
resistance.

3.1. Natural Fibers

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

3.1.1. Maize husks

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

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

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

http://www.iaeme.com/IIMET/index.asp e editor@iaeme.com

18



Biomass-Based Composites for Brake Pads: A Review

0.46 -
044 -
042 -

04 -

0.38

0.36 -
AN
032 - T r

Comp.1 Comp. 2 Comp.3  Conventional

(n) Coefficient of Friction

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

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

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

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

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

[ Properties Asbestos-based Maize husks-based
Wear rate (mg/m) 3.800 2.146
Tensile strength (MPa) 7.00 20.22
Hardness 101.0 127.8
Compressive strength (MPa) 110.0 103
Friction coefficient 0.30 - 0.40 0.37 -0.40
Thermal conductivity (W/mK) 0.539 0.251 - 0.372
Specific gravity (g/cm3) 1.890 0.853
Thickness swells in SAE oil (%) 0.30 (.58
Thickness swell in water (%) 0.9 0.91
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3.1.2. Sugar cane fiber (bagasse)

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

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

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

3.1.3. Banana

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

Figure 6. Banana peel [10]
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Figure 7. Rice husk

3.1.5. Pineapple

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

3.1.6. Coconut fiber

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

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

3.1.7. Palm kernel fiber

Ikpambese et al. [80] investigated the properties of asbestos-free automobile brake pad filler
material produced from palm kernel fiber (PKF) (Figure 9) together with epoxy resin as a
binder. They added 100 pm of PKFs in varying percentages with aluminum oxide (Al:O3),
calcium carbonate (CaCOs) and epoxy polymers and other ingredients to produce the
composite. They investigated mechanical properties, physical properties, tribological
properties, and microstructure analysis. The composition of 40 % of epoxy resin, 10 % of palm
waste, 6 % of aluminum oxide (A1:03), 29 % of graphite and 15 % of calcium carbonate
(CaCOs) had better properties than other compositions tested. The results show that the
properties of the developed brake pad such as the coefficient of friction, temperature, wear rate,
stopping time and noise level, moisture content, specific gravity hardness, surface roughness,
porosity, water, and oil absorption rate were stabled with speed increased. Furthermore, the
values obtained from the PKF parameters were within the standard requirements for
commercial brake pad performance. The researchers’ results showed that PKF can be used as a
substitute filler material for asbestos brake pads, with epoxy resin as a binder.

Figure 9. Palm kernel fiber [80]

Achebe et al. [3] developed a non-asbestos brake pad material using palm kernel fiber (PKF)
as an alternative filler base material in conjunction with epoxy resin as a binder. They
investigated the physical and mechanical properties of the three sets of composition made using
standard materials, procedures, and equipment to determine their suitability and possible
performance. The results of their studied showed that sample C with 40 % PKF content with
hardness 178 MPa, compressive strength 96.2 MPa, abrasion resistance 1.67 mg/m) specific
gravity 1.8 g/em3, water absorption 1.86% and oil absorption 0.89% had the best performance

http://fwww.iaeme.com/IJIMET/index.asp editor@iaeme.com

23



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

rating. The sample C result was used to produce the brake pad. The results obtained were
compared with other studies using common brake pads made from other material including
asbestos: the result showed that hardness, wear resistance and specific gravity of the composite
brake pad increased as the filler content increased. while water and oil absorption decreased as
the filler content increased. This showed that palm kernel fiber is a possible alternative material
for asbestos as a filler material in the production of automotive brake pads.

3.1.8. Paln slag

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

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

3.1.9. Lemon peel powder

Ramanathan et al. [83] developed and evaluated an asbestos-free brake pad using lemon peel
powder as a filler material and epoxy resin as a binder. They varied the percentage of lemon
peel powder, aluminum oxide, and iron oxide composition and made two samples by employing
hand molding techniques. They investigated the wear rate, hardness, density, water and oil
absorption of the samples produced. The results showed that the first sample with the
composition of epoxy resin (40 %), A1203 (12.5 %), iron oxide (12.5 %), graphite (1 5%),
calcium hydroxide (10 %) and lemon peel powder (10 %) had better properties than the second
sample. Lemon peel powder can be used effectively as an alternative filler material for asbestos
in brake pad production.

3.2. Shell waste
3.2.1, Cocoa bean shell

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

3.2.2. Coconut shell

Darlington et al. [6] produced an asbestos-free brake pad using coconut shell powder and palm
kernel shell from locally sourced raw materials and other additives with polyester resin as a
binder. They produced three different samples of brake pads in their study by varying mass
compositions of coconut shell powder and palm kernel shell. The results showed that newly
developed samples had a density between 2.55 g/cm3 and 2.78 g/cm3 while the commercial
brake pad density was 3.36 g/cm3: the wear rate was between 0.2007 g/min and 0.2733 g/min
and the commercial brake pad wear rate was (.1873 g/min; the water absorption was between
0.0399% and 0.0522 % while the commercial pad was 0.0327 %; and, the hardness was between
3.00 and 3.41 while the commercial brake pads was 2.53. The results show that the developed
brake pad cannot meet the properties of commercial brake pads due to its high density and high
wear rate, but it can be used as a substitute for commercial products due to its environmentally
friendly compared to the asbestos brake pad that is carcinogenic nature.

Figure 11. Coconut shell

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

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

Ibhadode and Dagwa [8] developed asbestos-free friction lining materials using an agro-
waste material based on PKS as a filler material and with phenolic resin as a binder and other
components. The mechanical and physical properties of the asbestos-free pads were
investigated. Among the agro-waste shells that were studied. the PKS demonstrated more
favorable properties than others. The performance of the newly developed brake pad, under
static and dynamic conditions, was found to be satisfactorily when compared with the asbestos-
based commercial brake pad. However, more pad wear on PKS at a high vehicle speed beyond
80 km/hour was evident (Figure 13). Nevertheless, the results indicated that the palm kernel
shell may be a possible alternative for friction lining material.
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Figure 12. Palm kernel shells [4]
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Figure 13. Comparison of laboratory and commercial brake pads under static testing [8)
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Figure 14. Periwinkle shell

3.3.2. Snail shell

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

4. RESULTS AND CONCLUSION

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

The studies by Ikpambese et al. [80] and Ibhadode and Dagwa [8] reported that an increase
in speed of a vehicle results in an increase in contact pressure between the brake pads and rotor,
consequently increasing the wear rate. Table 3 shows the characteristics of the environmentally
friendly brake pads manufactured from PKS and PKF. From these studies, it is evident that
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PKF can be used as a filler material and also as a substitute material for manufacture of the
asbestos brake pad. Aigbodion et al. [15] produced non-asbestos brake pads using bagasse
and phenolic resin was used as binder to substitute asbestos brake pads which are
carcinogenic. From the results it showed that bagasse can be used as an asbestos substitute in
the manufacture of brake pads by using 100 pm sieve of bagasse grade with 70 % and 30 %
composition of resin. They investigated its mechanical, physical and tribological properties.
Microstructural results showed that resin was uniform in the bagasse distribution. Their
results showed that, as the sieve grade of bagasse increased, the hardness, density and
compressive strength of the developed samples decreased whereas the wear rate increased as
bagasse sieve grade size increased. The finer sieve particle size of the brake pad material
resulted in better properties. The results showed that by using bagasse of 100 pm sieve grade
with 70 % and 30 % composition of resin, bagasse can be employed as a substitute for the
production of asbestos-free brake pads.

Kim et al. [16] investigated the friction composite material performance with cashew nut-
shell liquid (CNSL) and potassium titanate with phenolic resin as a binder. They evaluated
friction properties using an organic formulation. They suggested that brake pad composites
that can be compressed with a low hardness and high porosity which tends to lower the noise
propensity. The result indicated that the resin increased the COF during sliding but showed
high noise propensity. The phenolic resin improved the wear rate of the friction material
whereas both CNSL and potassium titanate failed to improve wear resistance. Acharya and
Samantrai [17] investigated the wear rate and friction coefficient properties of rice husk and
epoxy resin matrix as a binder using pin on-disc apparatus to study the wear rate of rice husk
composites reinforced with 5 wets %, 10 wets %, 15 wet %, 20 wet %. The morphological
properties of the composites were analysed using a scanning electron microscope (SEM).
During the testing conditions, the result showed that wear rates decreased as the rice husk
fiber increased. The positive effect of rice husk reinforcement reflected the improvement of
the tribological properties of the epoxy composite. Bashar et al. [18] used coconut shells as a
filler to produced asbestos-free brake pads with other constituents and used epoxy resin as
binder matrix. They conducted several tests to investigate the composition and optimal
performance compared to the Honda (Enuco) model brake pad made in Nigeria. The results
showed that a high percentage of ground CS powder provided hardness, low breaking
strength, impact strength and compressive strength, indicating that CS powder increased the
brittleness of the pads. Ahmed et al. [19] developed an asbestos free break-pad using
watermelon peels together with a pure water sachet as a binder. The preparation of the brake
pad was accomplished by varying the resin (pure water sachet) from 5 wt% to 30 wt%. The
properties of the sample developed were tested. The result of their work showed that, the
hardness, specific gravity and compressive strength of developed samples increased as the
wi% of the resin increased. Good bonding was showed with addition of 25 wt% resin in
asbestos-free brake pads production. This work showed that watermelon peels particles can be
utilised as a suitable substitute for asbestos material in the production brake pads.

Olabisi et al. [20] used pulverized cocoa beans shells (CBS) as filler material with epoxy
resin as a binder to produced asbestos-free brake pads. They investigated the properties of the
sample produced. After an investigation, the outcomes of the work showed that cocoa beans
shells (CBS) can be used as a substitute for asbestos filler material in friction lining of
automotive brake pads production. The result showed that the wear rate, tensile strength, and
compressive strength increased as the CBS filler content of the brake pad decreased, while the
COF of brake pad sample increased as the weight percentage filler content increased. This
showed that CBS as a filler can be employed as alternative for asbestos friction lining material
and for production of automotive brake pads. Cho et al. [21] investigated the effects of 16
ingredients such as cashew nuts, phenolic resin as a binder and another 14 constituents such
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as rock wool aramid fiber, magnesium, potassium titanate, Ca (OH) 2, graphite, rubber,
Fe304, ZrSiO4, MoS2, CU chip, Boso4, sb2s3 and stone on the properties of friction
materials. The results indicated that the COP of the sample increased with an increase in
phenolic resin. The friction material physical properties affected the characteristics of the
friction. In spite of this, the morphology of the constituents also affected the friction
performance strongly. Ademoh and Olabisi [22] produced brake pads using maize husks as a
filler with epoxy resin as a binder. They studied the properties of the sample, namely,
mechanical, physical and tribological. It was noted that when the wt% of MH filler content in
the sample decreased, the wear rate, hardness, compressive strength, and tensile strength,
increased while density and friction coefficient of the sample increased as the wt% of MH
filler content increased. The results showed that the brake pad produced was eco-friendly and
suitable for asbestos-free brake pad friction material. Swamidoss and Prasanth [23] used
pineapple leaf fiber (PALF) to develop an asbestos-free brake pad. Epoxy resin was used as a
binder because it has good mechanical properties. The samples were varied with different
percentage of PALF and gave good properties. The hardness, compressive strength, and wear
rate of samples produced decreased as the wt% of PALF increased. This research results
showed that pineapple leaf fiber can be used effectively as a substitute material for asbestos in
brake pads production. Wisdom and Abraham [24] produced non-asbestos brake pads using
corn husk fiber (CHF) as an alternative filler. The CHF was milled and sieved into sieve
grades of 100 pm and 200 pum. The different proportions of CHF and silicon carbide were
mixed together with other ingredients such as graphite, steel dust in a fixed ratio, while
phenolic resin (phenol formaldehyde) was used as a binder to produce a brake pad from
compressional molding. They investigated the properties of the sample produced. The result
showed that the hardness, density compressive strength, and porosity of the developed
samples decreased as the sieve size of CHF increased, while the wear rate increased as the
sieve size of the CHF increased. From the results obtained, the brake pad samples developed
were in close agreement when compared with commercial brake pads. This showed that CHF
can be utilised as a possible replacement filler material for asbestos material. Darlington et al.
[25] combined coconut shell powder and palm kernel shell to developed asbestos-free brake
pad using other additives. Polyester resin was used as a binder. Three different samples were
produced by varying both coconut shell and palm kernel shell constituents. The results
revealed that the properties of the samples developed met the properties of commercial brake
pads due to their high density and high wear rate and could be used as an alternative for
commercial products because they were eco-friendly. Ruzaidi et al. [26] used palm ash to
produce non-asbestos brake pads by varying the composition of polychlorinated biphenyls
waste (PCB) and palm ash. Thermoset resin was employed as a binder. The wear properties
and morphology analysis of the developed brake pad used five different ratios. The results
showed that as the palm ash content increased in the composition, the compressive strength
also increased. The results showed that a high content of PA composition gave better wear
rate and mechanical properties. This showed that PA and PCB can be employed as a suitable
replacement for asbestos brake pads production at less cost. Yawas et al. [27] and Yakubu et
al. [28] developed asbestos-free brake pads from Periwinkle shells (PSP) and phenolic resin
as a binder. They varied different sieve size of PSP in the range 710 um to 125 pm and 35 %
of resin. They investigated the tribological properties, mechanical as well as physical
properties of the periwinkle shells-based brake pad as well as the morphology of the
constituents. The results of their research showed that the hardness, density and compressive
strength of the developed samples increased as the PSP size decreased from 710 um to 125
pm and showed good interfacial bonding. The wear rate of the sample developed increased as
the PSP increased. The research demonstrated that PSP could be used as an alternative filler
material for the production of asbestos-free brake pads. Shahril Anuar Bahari et al. [29]
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and low ash material content, The use of natural fibers in the preparation of a composite has
various advantages when compared to synthetic fibers due to their low cost, renewability, low
density, and biodegradability [7, 8]. Synthetic fibers, for example carbon and glass fibers,
generate serious environmental and health hazard issues for employees in the production of
these composites compared to natural fiber composites [9]. Presently, studies are increasingly
concerned about the use of abundant biomass waste as a raw material for activated carbon
(AC) [10]. Due to biomass accessibility and low toxicity, different biomass sources are used
for nanomaterial production obtained from carbon [11, 12].

Much attention is being paid to the preparation of AC from agri-products. Due to their
low-cost, AC derived from biomass has the potential to be used for brake-pad applications
[13]. Palm kernel fibers (PKF) are good raw materials for AC production because of its well-
developed porosity and surface area. A further advantage is the high carbon content and the
low price. PKF containes 49.6 % of carbon content [14]. PKF is largely produced in South-
east Asia (Malaysia, Indonesia, and Thailand), Africa (Nigeria and Cameroon) and southern
China. It is very cheap because it is a waste product [10]. As a result, it is recommended to
use this low-cost and abundant waste by converting into AC. Carbon is a multifunctional
element because it has distinctive properties resulting varying shaped structures [15]. The
wide range of carbon-related materials with ability to bond structures. textures or surface
chemistry has drawn the attention of many researchers regarding the production of AC [16],
characterization [17], and its surface modification [18].

1.1. Synthesis of Carbon Nano-spheres

Because of their high surface area, chemical inertness, good mechanical stability, and unique
electrical properties, carbon nano-spheres (CNSs) have many potential uses in
nanocomposites such as lithium ion batteries [19, 20], super-capacitors [21, 22], catalysts [23,
24], brake pad preparation [25, 26], drug delivery [27-30] and cement composite [31]. Carbon
nanotubes (CNTs) and nanostructures have received considerable attention in recent years
[32]. Since CNTs or CNSs have been discovered to be an appropriate material for a multitude
of applications, each application needs certain features or characteristics such as pore
diameter, high aspect ratio, alignment, chirality, dispersion, shape etc. The CNSs represent the
spherical form of carbon that can be divided into semi-crystalline or crystalline.

CNSs can also be classified as hollow, solid or core-shell spheres. There are three
different types of CNSs depending on their diameter: wall graphitized spheres (2 nm to 20
nm), less graphitized spheres (50 nm to 1000 nm), and carbon beads (> 1000 nm) [32].
Besides such characteristics, it is also required in a reproducible technique to be able to
generate the product in large capacities. CNSs have several advantages compared to other
types of carbon (for example, carbon nanotubes, activated carbon powder and graphene),
namely: uniform particle size, surface morphology, high specific surface area, low toxicity,
good dispersion, and outstanding biocompatibility. CNSs have the desired properties that can
be achieved through the reaction parameters adjusted from a carbon source, catalyst,
substrate, and synthesis method. The synthesis approaches for CNT production are chemical
vapor deposition (CVD) [33-37], laser ablation [38-40] and arc discharge [41, 42]. The arc
discharge and laser ablation methods are costly because of the high-power equipment and
they are mostly used for production of single-walled carbon nanotubes (SWCNTs). Both
methods produced a small amount of CNTs with a large amount of impurities.

CVD is the most common method for CNT synthesis because it provides better control,
directness, mass production, simplicity, and cost-effectiveness [33-37]. CNTs can be
produced at relatively low temperatures and their size can be controlled by varying the
catalyst particle size. The production of CNTs happens at reasonably low temperatures. CVD

http:/fwww.iaeme.com/IIMET/index.asp editor@iaeme.com

56



57



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

2. EXPERIMENTAL

Palm kernel fiber for this research study was obtained after extraction from local farmers in
Ado-EKkiti, Nigeria. PKF was washed with hot water and dried to reduce the fiber moisture
content, then was cut close to 1 mm size with scissors as shown in Figure 1.

Figure 1 Palm kernel fiber

A heat-resistant quartz tube positioned in a horizontal tube furnace with a maximum
temperature of 1200 °C was used for fiber carbonization in an inert atmosphere (Carbolite
furnace type MTF 12/25/250). Approximately 16.0 g of the dried PKF samples were placed in
a quartz tube, then put at the centre of the horizontal furnace tube (Figure 2).

Figure 2 Experimental setup

Pure nitrogen gas which operated at 80 scfm™ flow rates was employed as purge gas at
one side when pyrolysis was in progress. On the other side of the tube, was a beaker that
contained water for the exhaust. The furnace’s temperature was raised from 25 °C to 600 °C
and the carbonization process lasted 120 min to produce carbonized PKF as shown in Figure
3a. The developed char was physically activated under CO; gas at 850 °C for 60 min. The
produced AC was placed in a tube positioned in a tube furnace, flushed with nitrogen gas and
heated at a temperature of 1000 °C for 60 min~'. The system was cooled down under the flow
of nitrogen gas for 5 °C min ' after 60 minutes to produce CCNs as shown in Figure 3b.
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T-]

Figure 3 (a). Carbonized PKF Materials (b) Synthesized nanomaterial

2.1. Characterization

Transmission electron microscopy (TEM) analysis was used to study the microstructure and
the samples” phase identification using a JEOL HRTEM 2100 running at an accelerating
voltage of 20 kV. The sample of PKF CNS required for HRTEM measurements was
approximately 0.0002 g mixed with ethanol and vibrated for 20 minutes by using an 80 Hz
Watt transistorized sonic cleaner. TEM sample analysis preparation was performed by placing
a drop of nanomaterial solution in a formvar-coated Cu grid (150 meshes).

The morphology and elemental composition of the synthesized nanomaterial were studied
using a field emission gum scanning electron microscope (FEGSEM) Zeiss, Germany (Ultra
Plus, FEGSEM). The FEGSEM together with the energy dispersive x-ray spectrometer
(EDX) was used for elemental composition analysis. Thermo-gravimetric analysis (TGA) was
conducted using a Perkin Elmer simultaneous thermal analyzer (STA) 6000. The synthesized
material weighed between 17 mg to 28 mg. The nanomaterial thermal degradation was
studied in the temperature from 30°C to 600°C under nitrogen flow of 10 ml/min with heating
rate of 10 °C/min and held for 10.0 min at 600 °C. Fourier transform infrared spectra (FTIR)
of CNS were acquired by using a Perkin Elmer Spectrum 400 series FTIR in ATR (attenuated
total reflectance) mode. Four consecutive scans with 4.0 cm™' resolution were made for each
spectrum. The scan range was 650 cm™ to 4000 cm™.

The crystallinity and graphitization of the PKF synthesized CNS sample was investigated
using the black loading preparation method for x-ray diffraction (XRD) sample analysis. The
Co-Ka radiation and PANalytical Empyrean Diffractometer with an X’Celerator detector
(Netherlands made) were used to analyze the sample. The configuration of the generator was
40 kV and 40 mA. The thermal gravimetric analysis (TGA) was conducted by means of a
simultaneous thermal analyzer (STA) 6000 PerkinElmer.

3. RESULT AND ANALYSIS
3.1. Morphology and Particle Size Distribution

Figure 4a displays SEM images of carbonized PKF at 600 °C for 120 min. The pyrolyzed
PKF was activated physically under CO, at 1000 °C for 30 min to increase porosity. Figure
4b presents the KPF charcoal SEM image after being physically activated, showing some
porosity.

The wide FE-SEM image in Figure 4¢ at 100 nm and 100 000 magnification shows that
the synthesized CNSs sample had a smaller number of uniform CNSs ranging from 10 nm to
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65 nm in diameter with agglomerations of particles and a smooth morphology surface. Figure
5 shows the histogram of the particle size distribution of the synthesized carbon nano-spheres,

which reveals a wide-ranging distribution of sizes.

3.2. Analysis of Elemental Composition

The EDX analysis in Figures 4d to 4f analysed the composition of the elements of carbonized
PKF fiber at 600 °C for 120 minutes, AC at 850 °C with CO, and synthesized carbon
nanosphere at 1000 °C with ethanol vapor treatment for 30 min. The carbonized PKF had the
following elements: carbon (89.33 %) oxygen (7.92 %), magnesium 0.91 %, potassium 1.15

% and calcium 0.69 % as shown in Table 1.

Table 1 Elemental composition of carbonized PKF, zctivated PKF, and synthesis palm kernel fiber

Material Carbonized PKF | Activated Carbon Carbon nano-sphere
Sample Wt.% Wt.% Wt.%
C 89.33 87.59 89.40
(6] 7.92 7.80 6.52
Na 0.09
Mg 091 0.79 1.27
Al 0.09
Si 0.16
P 0.81
S 0.23
Cl 0.05
K 1.15 1.09 1.12
Ca 0.69 1.02 1.17
Fe 0.09 0.52
Cu 0.18
Total 100.00 100.00 100.00

Elemental analysis of AC showed carbon 87.59 %, oxygen 7.80 % and other constituents.
From the EDX spectra in Figure 4f the elemental analysis of the carbon nano-spheres (CNS)

showed carbon content of 89.40 % after ethanol vapor treatment at 1000 °C.
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LT P '

Figure 4 (a) SEM images of carbonized palm kernel fiber at 600 °C for 120 min (b) SEM image of activated
carbon physically activated under CO; at 1000 °C (4c) SEM image of CNS at 1000 °C with ethanol vapor
treatment (d) EDX of carbonized PKF at 600 °C (e) EDX of PKF activated carbon at 850 °C (f) EDX of CNS at
1000 °C

The high carbon content showed that the CNS treatment with ethanol vapor at
1000 °C formed CNSs. Table 1 shows the elemental composition of carbonized PKF, AC and
CNSs. As a result of the increase in temperature from 600 °C for carbonization to 850 °C for
activation and 1000 °C to produce carbon nanosphere, the oxygen was reduced.

Histogram

Fraquancy (%)

s 40

Diameter (nm)

Figure 5 Carbon Nano-sphere particle size distribution
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100 nm

Figure 6 (a) HRTEM image of carbonized palm kemel fiber (b) HRTEM image of activated carbon
(¢) HRTEM image of synthesized carbon nano-spheres

3.3. Structural Analysis

The XRD pattern of PKF, carbonized PKF, AC and synthesized carbon nano-spheres obtained
is shown in Figure 7 a-d.

2000 -

ooz
1500

! Palm Kernel Fiber

10 20 30 40 0 60 70 80 %0 100
Angle [2T heta]

Figure 7a XRD pattern of Palm kernel fiber (PKF)
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Figure 8¢ FTIR spectra of activated carbon
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Figure 8d FTIR spectra of synthesized carbon Nano-spheres

The stretching vibrations of aromatics C = C at peak between 1440 em” and 1610 cm™
were related to lignin as shown in Figure 8a-d. The peak vibration at 1220 cm™ showed a
different quality of lignin components (C = O stretching) [53, 54]. The aromatic peaks C-H
out-of-plane bending observed at 693 em ' and 776 em ' [55] represent the deformation of the
carbons within the aromatic ring, whereas the stretching vibration at band 1071 belongs to C-
O (hydroxyl, ester, or ether) [56] as shown in Figure 8a-d. In the CNS spectrum there are no
other carbon peaks, indicating that a high purity product has been discovered.
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3.4 Thermal Stability

The thermal stability of synthesized CNS material was investigated through TGA analysis
(Figure 9).
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Figure 9b TGA curve of activated carbon
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Figure 9¢ TGA curve of synthesized carbon Nano-spheres
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The sample weight was 19.170 mg and was heated from 30 °C to 600 °C at a rate of
10 °C/min under a nitrogen flow of 20 ml/min. From Figure 9a-c the first weight loss of 0.2 %
for the carbonized material, AC, and synthesized nanosphere samples occurred at
approximately between 70 °C and 120 °C due to the moisture and can be attached to the
synthesized sample as a functional group such as an hydroxyl. Another weight loss of 5%
occurs at a temperature between 120 °C and 400 °C.

The CNSs weight loss started from the range 400 °C to 560 °C in line with the
decomposition of all the carbonaceous material functional groups. These results indicated that
in this temperature region, the oxygen functional groups began to discharge, contributing to
the activation of aromatization.

4. CONCLUSION

A simple method to synthesize CNS from PKF was reported in this paper. For the preparation
of CNSs from palm kernel fiber (a bio-based raw material), an overall time-efficient and cost-
effective approach was followed. The process of synthesized CNSs involved carbonization,
followed by physical activation under CO, gas, and, finally, treating the AC by nitrogen gas
through ethanol vapor. The formation of carbon nano-spheres was studied by EDX, XRD,
FTIR SEM, TEM, and TGA analysis. SEM analysis recorded CNNSs with diameters between
10 nm and 60 nm. The findings also showed that the CNS were spheres with smooth surfaces.
Carbon dioxide (CO») and carbon monoxide (CO) were decomposed from oxygen-containing
functional groups through the thermal decomposition of CNSs. This method makes CNS
preparation easier, sustainable, non-toxic and more cost-effective. The synthesized CNS has
potential for use as reinforcement material in brake pad applications due to its simple
manufacturing process, non-toxicity and cost-effectiveness.
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Abstract

Carbon nanospheres (CNS) were synthesized successfully
from palm kernel fiber activated carbon. Palm kernel fiber
(PKF) which is an agro-waste was carbonized followed by
physical activation with CO:, then go along with treated
utilizing ethanol vapor at temperature of 700 °C, 850 °C and
1000 °C. The temperature effect on developed synthesized
nanomaterials  was investigated using scanning Fourier
transform infrared microscopy (FTIR). electron microscopy
(SEM). energy dispersive x-ray spectroscopy (EDX).
transmission electron microscopy (TEM), x-ray diffraction
(XRD), and thermo-gravimetric analysis (TGA). The
temperatures were varied [rom 700 °C 1o 1000 °C with
intervals of 150 °C. The SEM results showed highest purity
and the largest number of carbon-nanospheres being formed at
a synthesis temperature of 1000 °C. The results indicate that
CNS diameter, growth rate, crystallinity and density can be
affected by increase in temperature, The CNS diameters were
found to increase when the synthesis temperature increased.
The results of the TEM showed that, within the temperature
range of 700 °C to 1000 °C, the CNSs diameter increased
continuously from 3 nm to 65 nm. XRD analysis showed that
the synthesized carbon nanomaterials were amorphous. In
general, the results showed that the synthesis temperature
affects the diameter, density and crystallinity of carbon
nanomaterials. The synthesis temperature of 1000 °C appears
o be the ideal temperature for high quality and high yield
CNSs production. The presence of iron (Fe) in the EDX
results showed that such synthesized CNSs can be used as
reinforcement materials in the manufacture of automobile
brake pads.

Keywords: Carbon nanosphere, characterization, bio-based
precursors, temperature

1. INTRODUCTION

The increasing need for more environmentally friendly and
biodegradable material requires the development of
nanomaterials.

Since lijima's innovation of multi-walled carbon nanotubes in
1991, global enthusiasm in academic and industrial circles for

carbon nanotubes (CNTs) and their distinctive characteristics
has been high because of their nanoscale structures [1] Carbon-
based nanostructures with various morphologies have created
great interest in scientific research due to their outstanding and
distinctive characteristics. The attention of scientists around the
world has been drawn to research on new material technology,
development and improvement of materials properties and the
discovery of alternative precursors that impart the desired
properties to the materials.

Chemical vapor deposition (CVD) [2, 3], laser ablation [4], and
arc discharge [5] are the commonly used synthesis methods to
produce CNTs. Among the variety of synthetic methods, CVD
is the most effective technique for large-scale CNTs [6, 7] The
capability to grow nanotubes exactly on the nanomaterials by
using the CVD method allows sufficient control for production
of high purity nanotubes, The quantity of carbon that enables
better CNT nucleation is reduced as particle size decreases [8-
10].

Since the innovation of carbon nanotubes, carbon nanoparticles
carbon nanofibers, and carbon nanostructures are becoming
commercially significant and their importance has grown
rapidly over the past decade, CNTs have been widely examined
due to their unique mechanical, magnetic and electronic
properties [11-13]. The CNTs are regarded as possible filler
materials to enhance the mechanical properties as well as
physical properties of polymer composites [14]. CNT
applications are eco-friendly and offer good opportunities as
well as new technology for various sectors which include
biotechnology,  aerospace, automotive and electronics
industries.

By wsing ethanol as the carbon resource in the CVD method
has positive impacts for instance, low temperature reaction,
high product purity and the potential for reduced cost for large-
scale production [15, 16]. Generally, the temperature of
synthesis is a factor affecting crystallinity [17], density [18],
diameter, growth rate [17-20], yield, morphology [21, 22] and
purity [23] of nanomaterials. Investigations of temperature
effect on CNT growth parameters have shown that the
temperature range from 800 °C to 1000 °C is the optimal
temperature which results in the highest yield of CNTs [23,
24]. When the temperature increases from 750 °C to 950 °C the
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diagmeter, erystallinity, growth rate and density of CNTs can be
measured and high levels of crystalline perfection can be
achieved at temperature of 950 °C [18]. The interchange of
temperature from 700 °C to 830 °C has been shown ta result in
structural defects in CNTs and graphite sheets grown [25].

Muataz et al. [20] varied the temperatures reaction of CNT
from 300 °C to 850 °C and the result indicated that CNT
growth was seen from 600 “C and high purity was obtained at a
temperature of 8500 "C. The study by Lee et al. [19] showed
that the thicker layers of the compartment appear at 1100 “C
more frequently. When the temperature graduoally increased
from 850 °C to 1100 °C, the comparative amount of crystalline
graphitic sheets also increased. Toussi et al. [26] showed that a
small amount of CNTs were formed at temperatures below 700
“C, while more shapeless carbons were formed in the CNTs at
temperatures above 900 *C. Their study found that the
optimum temperature for CNT growth was between 800 °C
and 900 °C and the ideal temperature growth was at 850 °C.
Pham et al. [27] reported that below the synthesis temperature
of 800 °C, tube length growth and diameter was minimal,
while the highest tube crystallinity was achieved at a
temperature range between 800 “C and 840 °C. Madani et al.
[17] presented the temperature effect variation on the growth of
CNTs utilizing CVIY and the results revealed that the CNTs
diameters increased when the temperature of synthesis
increased, but the CNTs growth crystallinity decreased.

Zhao et al. [28] revealed that the CNTs multiplied quicker as
the temperature increased, while the catalyst showed a
significant increase for a little while, followed by a decrease.
As temperature increased from 803 °C w 830 °C, the
crystallinity improved a little while the height and the yield of
ONT forests tripled in the course of increasing from 800 °C w
1100 °C. Shamsudin et al. [24] achieved 99.99 % optimum
growth at a temperature of 900 °C. According to Jiang and Lan
[29], at a low temperature of 430 °C, CNTs can be synthesized
from carbonaceous solids, as opposed 1o high temperature
synthesis. This paper presents the result of the temperature
effect on synthesis of carbon nanomaterials at 700 °C, 830 °C
and 1000 °C for 30 min treated with ethanol vapor. In the
manufacturing of CNTs, nanospheres and nanosheets, the
synthesis temperature performs a significant role. Generally,
the temperature of synthesis is a factor that affects the final
purity, morphology and yield of a nanomaterial.

II. EXPERIMENTAL PROCEDURE

The material used in this study was palm kemnel fiber (PKF) of
the Elaeis guineensis species and was obtained from a local
palm oil mill in Ado Ekiti, Nigeria, after exiraction of the oil.
PKF was washed with hot water to remove leftover red oil and
sun dried for 60 days. The PKF were placed in a quartz tube

(heat-resistant} in a horizontal (MTF 12/3&400: Maodel) tube
to  produce nanospheres  (CNSs). PKF
carbonization was done at 600 “C for 120 mins in an inert
atmosphere. In the experimental procedure 13 g of PKF was
stored in a quartz tube and heated to the desired reaction
temperature in a horizontal furnace at § °C min™' heating rate
until carbonized. This was followed by physical activation with
COs, for 60 min, then treated at 700 “C, 850 °C and 1000 °C
for 30 min using ethanol vapor, Ethanol was used to generate
an aerosol using an ultrasonic (GMH-200: Type) air humidifier
which operated at 50 Hz. Nitrogen gas was gone through the
aerosol in order to generate a inert air for reaction and deliver
the of drops aerosol to the reactor space. At the desired
lemperature the aerosol line was shuat, allowing the nitrogen gas
Lo cool the system.,

furnace carbon

1. MATERIAL CHARACTERIZATION

The morphology of the synthesized CNS was investigated
utilizing FEGSEM (Zeiss, Germany Model: Ultra Plus) with an
EDX in-built which was used for elememtal composition
analysis. The sample phase identification and microstructure
were examined using JEOL 1400 TEM and a JEOL HRTEM
2100 model at a speed voltage of 20 kV. The sample of CNS
needed for HRTEM measurements was approximately (.0002
g mixed with ethanol using an 80 Hz Wart transistorized sonic
cleaner for 20 min. The TEM preparation of the carbon
nanosphere mixed with ethanol was achieved by putting a
droplet of the solution on formvar with painted 150 meshes of
copper grids, The TEM sample was dry at lower temperature
and watched at 100 kY speed voltage.

For TEM, the iTEM soltware and Gatan camera were used 10
store and process the images taken digitally from the camera
(Megaview I). The backloading preparation method was used
for the preparation of XRD samples of the PKF nanomaterial.
The Netherlands made PANalytical Empyrean Diffractometer
with & Co-Ka radiation and X' Celerator detector was used to
analyze the sample, The generator configuration was 40 kV
and 40 mA. A PerkinElmer Product was used to study the
FTIR of the sample. A PerkinElmer synchronized thermal
analyzer (STA) 6000 was used to establish the thermal stability
of the synthesized nanosphere material.

IV. RESULTS AND DISCUSSION
A. SEM

[ncreasing the temperature of the furnace. can increase the
frequency of impact of the elements found in carbon activated
PKF resulting in various structures being formed as shown in
Fig. .
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Fig. 1 SEM images of (a) PKF carbon activated. synthesized nanomaterials at (b) 700 °C (c¢) 850 °C and (d) 1000 °C

Fig. 1 (b-d) shows the SEM images of CNS produced from
PKF at different buildup temperatures 700 °C, 850 °C and
1000 °C. FEGSEM and HRTEM were used to characterize the
temperature effect on the synthesized nanomaterials developed.
Fig. la shows the SEM image of physically activated PKF
produced at 850 © C for 60 min under CO,. The micrographs
SEM image from Fig. 1b to d present carbon sheets, carbon-
nanoparticles (CNPs) and carbon-nanospheres (CNSs). The
SEM image at 700 °C from Fig. 1b indicates the presence of
tiny sphere particles or sheet-like structure grown with
irregular morphology. Low density nanospheres with small
diameter ranging from 3 nm to 20 nm were formed. This

indicates that the synthesis temperature of 700 °C was not
enough to produced carbon nanospheres/nanotubes, At the
temperature of 850°C, a small sphere-like morphology was
noticed as shown in Fig. lc. At this temperature several carbon
nanospheres with small quantities of amorphous carbon were
developed.

The results showed a huge increase in hydrocarbon pyrolysis
with particle distribution size ranging 10 nm to 65 nm when the
synthesis temperature increased from 850 °C to 1000 °C, as
shown in Figure 1d. Increasing the temperature to 1000 °C
produced clean nanospheres with aligned and uniform diameter
distribution size. The SEM micrographs of all developed
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samples display a strong difference in the structure of the
synthesized materials at the different temperatures. Thus, the
morphological analysis under atmospheric pressure showed
that the temperature build-up played an important role in the
synthesis of uniform CNSs.

B. Elemental Composition Analysis

A FEGSEM built-in with EDX was employed to analyze the
activated carbon elemental composition and synthesized
nanomaterials at different temperatures. Table I shows the PKF
activated carbon EDX analysis and synthesized nanomaterials
at temperatures of 700 °C, 850 °C and 1000 °C. From the table

there is a high carbon content in all samples with the highest

yield for all synthesis temperatures from nanomaterials
synthesized at 850 “C. After the carbonized PKF was
physically activated at 850 °C under CQ:, it was followed by
treatment for 30 min with ethanol vapor to produce carbon
nanospheres. This temperature has the highest carbon
nanomaterials yield because the synthesis temperature is high
enough to produce carbon nanospheres while also decreasing
amorphous carbon. In addition, EDX showed a high carbon
content of 88.10 %, 90.06 % and 89.40 % respectively in all
synthesized carbon nanosphere samples: this confirmed the
treatment of the nanomaterials with ethanol vapor. From Table
I it is evident that as the synthesis temperature increased the
oxygen content reduced which agrees with previous results
obtained [30].

Table I. EDX analysis of PKF carbon activated, and nanomaterials at the different temperature

Element Activated Nanomaterial Nanomaterial Nanomaterial
Carbon Synthesized at Synthesized at Synthesized at
Wt.% 700°C 850°C 1000°C
Wt. % Wt. % Wt. %
@ 87.59 88.10 90.06 89.40
0 7.80 6.85 6.76 6.52
Mg 0.79 0.76 0.54 1.27
Al 032 0,97 0.52 117
Si 0.97 1.29 0.57 -
K 1.09 1.53 1.20 1.12
Fe 0.23 0.50 0.34 0.52
Cu 1.20 - - -
Total 100.00 100.00 100.00 100.00

The elemental composition in PKF carbon activated for CF
included oxygen (O), carbon (C), and potassium (K), which are
normally originated from plants. The existence of oxygen in all
samples developed can be credited to the carbonized PKF
physically activated under CO: and ethanol aerosol. The
existence of silicon (Si) was noticed in the synthesized
nanomaterials which can be attributed to the reaction of the
material in the quartz tube. The results from both FESEM and
EDX established that the samples produced form PKF
activated carbon are carbon nanospheres. The presence of iron
(Fe) in all the samples as seen in Table 1 showed that the
nanomaterial can be used as additive materials in the
production of brake pads.

C. High-Resolution TEM (HRTEM)

The TEM analysis was conducted using a JEOL HRTEM 2100
model to study the morphological changes and the material

deflections and the actual transition that appears in the carbon
nanomaterial structure. Fig. 2(c) shows small quantities of
CNSs at 850 °C with particle size distribution as seen in the
TEM image varying from 10 nm to 40 nm diameter; however,
the sphere structure was not clearly identified. At this
temperature, increased numbers of CNSs with a smaller
amount of deformation and a higher CNS yield was observed
with fewer impurities.

As seen in Fig. 2(c), the TEM images show uniform
nanosphere  sizes, while some nanospheres have some
deformation and are very weak. The TEM at 1000 °C as seen
in Figure 2 (d) shows that high purity and high yield CNSs
were formed with high agglomeration. The distribution size
diameter of nanospheres range from 10 nm to 65 nm, while
nanospheres with 25 nm to 35 nm diameter occur at a higher
frequency than those of 40 nm to 63 nm diameter.

3102

76



International Journal of Engineering Research and Technology. ISSN 0974-3154, Volume 13, Number 11 (2020), pp. 3099-3108
© International Research Publication House. http://www.irphouse.com

Fig. 2: TEM images of (a) PKF carbon activated, synthesized nano materials at (b) 700 °C (¢) 850 °C and (d) 1000 °C

At 700 °C, the absence of carbon nanomaterial growth
indicates that the temperature at that level was not adequate
high to transform the PKF carbon activated into tubes or
spheres. As ethanol vapor was added and the temperature
increased, the state of PKF activated carbon content in the tube
was modified, thereby activating the carbon nanospheres
growth on carbon activated. It was noticed that temperature of
1000 °C is appropriate to develop nanospheres.

D. XRD Analysis

The structural characterization of carbon nanomaterial samples
at different synthesis temperatures was achieved using XRD

technique using the Netherlands made PANalytical Empyrean
Diffractometer including Co-Ka radiation and X'Celerator
detector. Fig. 3 is the XRD pattern obtained from activated
carbon at 850 °C for 60 min and synthesized nanomaterials at
temperature for 30 min. All the synthesized nanomaterials
result at 700 °C, 850 °C to 1000 °C displayed two major broad
diffraction peaks in Fig. 3 (b-d). The 20 value (002) diffraction
peak was found at 22.11°, whereas the (101) diffraction peak
was discovered at 42.96° indicating hexagonal graphite
structural planes.
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Fig. 3 XRD of (a) PKF carbon activated, synthesized nanomaterials at (b) 700 °C (c) 850 °C and (d) 1000 °C

The peak located at (002) confirmed the presence of lignin and
hemicellulose contents found in PKF and all the samples were
amorphous in nature. These two peak values exhibit low
crystallinity and high amorphous carbon structure of the
nanomaterials sample and are in accordance with results from
other studies [23, 29].

E. SAED

The HRTEM was utilized to establish the effect of temperature
on crystallinity of nanomaterials. Fig. 4 shows the image of the
SAED and HRTEM rings of the nanospheres produced in the

research. From Fig. 4(a) and (c) it is evident that the CNSs
have a strongly regular crystalline structure. The HRTEM
reveals a small portion of nanosphere grown at temperature of
850 °C and a graphite structure near the edge of the sphere as
shown in Fig. 4(a). Increasing in temperature from 850 °C to
1000 °C, the HRTEM image of CNS showed that most CNSs
were formed at unique depths with sphere curves as shown in
Fig. 4(c). The SAED pattern has wide diffraction rings that
show the presence of nanosphere crystallinity and graphitic
nature which agrees with the planes (002) and (101) and
displays agreement with the vresults from XRD.
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'

Fig. 4 (a) HRTEM of CNS synthesized at 850°C (b) SAED at 850°C, (c) HRTEM of CNS synthesized at 1000 °C and (d) SAED
at 1000°C

The rings brighter areas in Fig. 4b and d agree with the
hexagonal graphite reflection 002, whereas the next constant
ring observed the diffraction pattern agrees to the hexagonal
graphite reflection 101. The SAED pattern from CNS samples
at 850 °C as shown in Fig. 4b show some sets of diffuse
diffraction and unclear spots, showing that the material has a
little crystalline or amorphous carbon, while the diffraction
rings from Fig. 4d showed that the CNS samples at 1000 °C
present amorphous carbon structures and crystalline together.
F. TGA

TGA was used to examine the thermal stability of the
synthesized nanomaterial at different temperatures as shown in
Fig. 5. The analysis was carried out under nitrogen gas (20

Weight (%)

ml/min flow rate) and heating rate (10 °C/min) from 30 °C to
600 °C. The synthesized nanomaterials at 700 °C, 850 °C and
1000 °C began to vaporize at the temperature of approximately
200 °C, 350 °C and 430 °C respectively. The early weight loss
for all the nanomaterials happened at temperatures within 100
°C to 150 °C as a result of the moisture content, as well as loss
of the synthesized sample functional group and other non-
carbon material present in the sample. The synthesized
nanospheres at 700 “°C began to decay at a temperature of about
200 °C (thermal decomposition), which was caused by the
presence of  amorphous  carbon at a lower

synthesis temperature.

T L T L T L]
100 200 300 400 500 600
Temperature (°C)

Fig. 5 TGA results for Synthesized nanomaterials at (b)700 °C (c)850 °C and (d) 1000 °C
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The initial degradation temperature for synthesized
nanospheres prepared at 850 °C started at 350 °C due to less
amorphous carbon produced by longer reaction times, which
led tw production of better nanospheres. At 1000 °C, the
synthesis temperature was  high enough that almost no
amorphous carbon was bumed. The nanomaterial synthesized
at 1000 °C started degrading at 430 °C which agrees with the
decomposition of carbonaceous materials functional groups,
while the whole weight loss for synthesized nanomaterials ook
place at 560°C. This indicates that small diameter nanospheres
were formed at low temperature and nanosphere diameter
increased when the temperature of the synthesis increased.

In conclusion, the synthesized nanospheres thermal stability
improved at 1000 “C. The TGA resulis agreed with the EDX
and SEM results and showed that within this temperature
range, functional oxygen groups started to release, causing
aromatization activation. The results also provide clear

evidence that the crystalline perfection degree of CNSs
increases with increasing temperature,

G. FTIR

The FTIR was measured between 400 em™ 10 4000 cm” 10
characterize the synthesized nanomaterial functional groups
using Perkin Elmer Product

Fig. 6 shows the FTIR spectrum of activated carbon PKF and
synthesized nanomaterials from PKF at 700 °C, 850 °C and
1000 °C for 30 min. From the FTIR result, all the PKF
synthesized nanomaterials showed strong peaks at 1071 cm™ 10
1220 em'! which indicates different characteristics of lignin
composition (O-H bending vibrations and C-O stretching)
groups, which reduced as  the temperature increased.
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Fig. 6 FTIR of (a) PKF carbon activated, synthesized nanomaterials at (b) 700°C (¢) 850°C and (d) 1000°C

The FTIR spectra of all synthesized nanomaterial samples
show similar vibrational modes as well as different strengths
and energy changes. As shown in Fig. 6 (b} and (c), the FTIR
at 700 °C and 850 °C reveals plane peaks of bending C-H
compounds between 693 cm! and 776 cm!, signifying the
carbon bend inside the aromatic ring. When the synthesis
temperature increased 850 °C to 1000 °C, the FTIR spectrum
shows that there are no other peaks which indicates that the
nanomaterial product has high purity.

V. CONCLUSION

Synthesized carbon nanospheres were successfully produced
using ethanol vapor through activated carbon made from palm
kernel fiber at temperatures of 700 °C o 1000 °C synthesis

with 150 °C increase. The SEM analysis results showed
highest purity and number of carbon-nanospheres formed at
1000 °C. The results indicate that CNS diameter, growth rate,
crystallinity and density can be affected by increase in
temperature. Also, the temperature played a major role in the
production of high quality and high yield CNSs. We noticed
that at 1000 °C, the carbon nanospheres (CNSs) were formed
from synthesized nanomaterials of different sizes and shapes.
The SEM images showed that the temperature growth affected
the CNSs growth rate as well as their diameter and density. As
the temperature increased, the increase in growth rate of
synthesized CNSs was most likely due to the increased carbon
diffusion and reaction rate. It was also discovered that the
temperature was an influential factor in regulating the structure
of the CNSs.
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In conclusion, synthesis temperature greatly affects the
diameter, density and crystallinity of carbon nanomaterials
synthesized from PKF. The synthesis temperature of 1000 °C

can be considered as the ideal temperature for production of

high quality and high yield CNSs. The EDX result showed the

presence of iron (Fe) in the sample which makes PKF

nanomaterials good candidates as additive material in the
production of brake pads.

NOMENCLATURE

CNS Carbon Nanospheres

PKF Palm Kernel Fiber

CF Carbon Fiber

0 Oxygen

C Carbon

K Polassium

CO» Carbon dioxide

Sl Silicon

Fe Iron

SEM Scanning Electron Microscope

XRD X-Ray Diffraction

EDX Energy Dispersive X-Ray

CVD Chemical vapor deposition

TGA Thermo-gravimetric analysis

SAED Selected Area Electron Diffraction

CNTs Carbon nanotubes

CNPs Carbon-Nanoparticles

FEGSEM Field Emission Gun Scanning  Electron
Microscope

FTIR Spectroscopy Fourier Transform Infrared
Microscopy

TEM Transmission Electron Microscopy

HRTEM  High-Resolution Transmission Electron
Microscopy
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INTRODUCTION

Friction material for automotive braking system application must meet various safety-related guidelines. The
expected properties of a brake pad to enable it to perform its function include but are not limited to better
tribological properties relating to stopping distance and durability (under regular braking requirements) and fade
resistance (at high temperature). Over the years materials that meet this requirement have been designed but
challenges remain such as high wear rate, irritating noises, and vibration when these pads are working [1].
Consequently, several experimental designs have been used for commercial brake friction materials to enhance the
wear resistance, reduce vibration and eliminate noise when applying brakes [2-7]. The commercial use of a single
material never succeeded in meeting the mult-faceted requirements for brake pad application. As a result,
multiphase composite materials with up to ten or more components have been used as brake pad friction materials.
Materials such as metallic fibers [8-10], organic fibers [11], and ceramic fibers [12] have been used to improve
wear resistance and friction stability at high temperature among all the numerous components used at present in
commercial brake friction materials. Due to brake pads playing a critical role in vehicle safety, fabricating reliable
and secure brake pads has become the focus of friction materials formulation. The polymer-based friction material
in automotive braking systems consists of several parts, including friction modifiers, thermosetting binders,

reinforcing fibers, and fillers [13]. These additives are incorporated to improve tribological and mechanical
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properties and achieve a suitable brake pad for the braking system. Despite several combinations of material used for brake
pad production, the use of carbon-based material continues to be preferred because it provides the required properties for
brake pad application. In this regard, the introduction of carbon nanotubes (CNTs) as a filler for brake pad material
development has been a huge breakthrough in brake pad production.

Studies have shown that the loading of CNTs increases the nominal contact area, enhances mechanical properties,
decreases wear rate, and naturally reduces the friction coefficient [14-16] [17]. The effectiveness of CNTs on improving
numerous nanocomposites properties makes it an additive of choice for brake pad manufacturing and also for use as
alternative fillers in brake pad friction materials (4, 5, 18-20]. The increase in use of CNTs recently is due to its
low-density, high rigidity, and high aspect ratios. Hwang et al. [1] investigated the effect of adding CNTSs for brake friction
materials production. The material compositions were prepared by replacing the barite with 1.7 % wt.%, 4.7 % wt.%, and
8.5 % wi.% of CNT. The results showed that adding CNTs could improve the thermal friction stability of the materials,
Simultaneously, the specific wear rate reduced as the CNT content increased in the formation due to the composite
reinforcement by CNT and the high temperature produced by CNTs. Besides, the COF was reduced as the CNT content
increased, which could be the undispersed bundles of CNT on the contact surface. Lee et al. [21] examined the tribological
properties of brake lining materials containing CNTs. The result also showed that additional CNT content enhanced the
composite materials wear and thermal stability. In both situations, the COF decreased as the CNT content increased, which
may be due to the lubricity of the CNT content. As stated by Han et al. [22], Jang et al. [23], Cho et al. [3], Deshmukh et
al. [24], Kim et al. [25], and Gbadeyan and Kanny [6]. braking performance (for example, stopping distance and other
related tribological properties) fundamentally depend on a series of solid lubricants contained in the brake pads. Bearing
this in mind, one those papers selected carbon-based constituents such as bio-based CNSs, binders, friction modifiers, and
reinforcement materials based on the standard composition of the brake pad, inherent properties of the material, and
compatibility, Multiwall carbon nanotubes (MWCNTs) and carbon nanotubes (CNTs) have demonstrated numerous
advances in the properties of nanocomposites as alternate brake friction materials [4). This output may be attributed to high
toughness and high ratios with low density in CNTs. Although CNTs have many advantages, it is an expensive product and

increases the production costs [5].

Similarly, limited studies have reported bio-based filler use for brake friction materials application [26]. In this
study, carbon nano-spheres (CNSs) with the same properties as CNTs were synthesized from coil fiber and used as a
friction modifier, and the reinforcement offered interlocking connections of other fillers to form carbon and carbon bonds,
This structure generally enhances the tribological, thermal and mechanical properties of the composite materials [7. 27,
28]. This work investigates the mechanical and tribological properties of bio-based hybrid nanocomposite materials and

evaluates existing brake pad material.

MATERIALS AND METHODS

Materials

The binder and hardener were purchased from ATM Composite in Durban, South Africa. CNSs were synthesized by
UniZulu, South Africa, while friction modifier and reinforcement materials were purchased from Capital Lab Supplies in
Durban, South Africa, The CNSs and friction modifiers were used as a friction additives and fillers. CNSs are a kind of
black additive. generally used to enhance the properties of polymeric materials such as thermal conductivity, mechanical

and tribological properties [29-32]. Thermal stability additives are often used to regulate brake pad wear and friction, while

Impact Factor (JCC): 9.6246 NAAS Rating: 3.11
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friction modifiers are generally used as internal lubricants [33, 34]. In this work, reinforcement material was also used to

enhance the thermal stability, creep, mechanical strength, and wear resistance of polymer materials [31, 35-37].

Table 1: Bio-Based Hybrid Nanocomposite Composition

Materials percentage (wt. %)

Binder 98.1 98.6 97.9 98.7
Friction modifier 1 0.5 1 0.3
Carbon nanosphere 0.1 0.1 0.3 0.2
Reinforcement 0.8 0.8 0.8 0.8
Total 100 100 100 100

To produce bio-based hybrid nanocomposite material, binder was weighed into a beaker and heated up to 70 °C to reduce
the viscosity of the resin and integrate carbon nanospheres and friction modifier. The binder, CNSs, and friction modifier
were mixed with a mechanical stirrer at 500 rpm for 60 minutes to achieve uniform distribution. The weight percentage of
additives (such as CNSs and friction modifier) was very low in the formulation, as carbon-based additives performance are
always important in the polymer matrix. [12]. The biobased hybrid nanocomposite material was cooled down at room
temperature and mixed with the catalyst in a ratio of 100 t030% by volume % to ease the process of curing. The
reinforcements were added (0.8 wt. %) to the different compositions, as shown in Table 1. The mixture was poured into an
open mold. Before pouring into the mold, the inner surface of the plastic mold was coated with wax to enable easy removal

of the composite material after two days. The composite was de-molded and tested after it had cured for 14 days.
Hardness

Hardness is the amount of a solid matter resistance to several permanent changes when a compression force or indentation
is applied. The hardness of the developed brake pad composite was tested using a Barcol impressor hardness tester
produced by the Barber Colman company Illinois, USA, The Barcol impressor hardness tester is good for testing fabricated
samples for production control. The hardness samples test was performed following ASTM D 2583 standard test
specification [38]. The depth of the indenter point penetration was measured. The hardness test explains the hardness of a

material dent point.

The Barcol impressor hardness tester (GYZ1-934-1 model) is widely used to calculate and determine the hardness
of composite materials. The impresser has a toughened steel (intender) with an angle of 26° and a Aat point with a
diameter of 0.157 mm and was mounted into a hollow spindle and pressed by a spring-loaded plunger. The indenter point
of the Barcol impressor was positioned directly towards the face of the developed nanocomposite sample plate. A
downward force was applied constantly by hand until the reading indicator reached a maximum, and the value was
recorded. The average of the 15 values taken on developed biobased hybrid nanocomposite plate samples at random was

reported.
The Absorption Test

The absorption rate of brake pads generally affects braking performance [39]. For that reason, the oil and water absorption
of the brake pad samples should be investigated. The methods used in this work to determine the absorption of brake pads

are outlined below,
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Water Absorption

The water absorption of the brake pad sample was examined to determine the water absorption rate of the material and the
effects of water or humidity exposure, Tests were in compliance with the standard test specification of ASTM D 570-98
[40]. The initial weight of each sample was weighed using a digital electronic balance (Kem Germany model D-72336)
with an accuracy of 0.01 g and recorded as (W) to determine the water absorption rate. The samples were soaked for 24
hours in water at an ambient temperature. After this the samples were brought out from the water, dried with a dry thick
towel, re-weighed, and the new weight was recorded as (W)). Three samples cut from each brake pad were examined.
The average of these three samples was used for graphical presentation and discussion. The water-absorption percentage

was determined using equation (1).

W, — W,
Pwﬂ=—1pﬁx1nu (0

Where:

Py4 = Percentage of water absorption

W = Initial weight of water sample

W, = Final weight of water sample
Oil Absorption

The oil absorption rate of the developed brake pad sample and its influence on oil was examined using a digital electronic
balance (Kern Germany model D-72336) with accuracy of 0.01 g to weigh the initial weight of each sample and recorded
as (W)). The samples were soaked in engine oil for 24 hours at an ambient temperature. The rating of automotive engine
oil used was SAE40. After this the sample was taken from the engine oil, dried with a thick dry towel, re-weighed, and
the new weight was recorded as (W), Three samples taken from each brake pad developed were used and absorption
percentages were recorded. The average of nine samples recorded was used for graphical representations and

discussion. The oil absorption percentage was determined using equation (2).

wo, — Wo
Poy=————=x 100 (2)
WD

Where:

Py, = Percentage of oil absorption
W0, = Oil sample initial weight
W0, = 0il sample final weight

Therefore, as per Edokpia et al. [41], the change between the initial and the final weight of each sample was used

to calculate the absorption rate.
Wear Rate

The wear (abrasion) rate refers to the gradual loss of material because of relative motion on the contact surface. An in-

house built pin-on-disc tribometer was employed to examine the non-lubricated sliding wear behavior of the bio-based
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hybrid nanocomposite samples by varying the Vol.% of carbon nanospheres (0.1 Vol.%, 0.3 Vol.%, 0.3 Vol.%, 0.3, 0.1
Vol.% and (0.2 Vol.%) in accordance with ASTM G-99. The tribometer was designed precisely for wear measurements and
friction. The COF was calculated according to the data of frictional force, A digital electronic balance (Kern Germany
model D-72336) with accuracy of 0.01 g was used to measure the BHN brake pad samples. The wear test was performed
on a 230 mm diameter wear track at different sliding distance from 433.6 m/s to 2168.0 m/s with a fixed load of 30 N and
0.7 m/s sliding speed. The sample wear loss is calculated as the difference between the initial and final weight of the
sample. The average of the six samples were recorded. The samples’ worn surfaces were investigated using a scanning
electron microscope (SEM) to check the wear tracks after the friction test. Based on the wear properties studied. the

potential of the wear mechanisms was addressed.
Coefficient of friction

The friction coefficient of the sample friction material is related to the time and conditions of the test at 30 N friction force
and a sliding speed of the disc of 0.7 m/s, The sample density data was used to convert the mass loss into volume loss, The
specific wear rate and coefficient of friction of the sample were calculated using equation (3) and equation (4),
respectively.

K
AV
= Nz H (3)
Where:
i = Specific wear rate
V = The volume change (in m?)
x = Total sliding distance (in m)
i r_Mﬁ ®
Where
it = Friction coefficient
M = Torque induced in the specimen due to friction (in N-mm)
# = The disc radius (mm)
N = Normal load acting on the specimen (in N) [42].
Structure and Morphology

The worn surface of the bio-based hybrid nanocomposite brake pad was sputter-coated with an ultra-thin gold film before
microstructure analysis and then examined with SEM. After wear investigation, the BHN brake pad worn microstructure
surfaces were analyzed to determine the wear mechanisms under sliding, using a Carl Zeiss Environmental SEM (EVO HD

15 model) operating 1000 times zoom under controlled atmospheric conditions at 20 kV [43-45].
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RESULTS AND DISCUSSION

Hardness

As shown in Table 2, the hardness values of the newly developed and CON brake pads were recorded. The hardness value
of the CON was 27.3. In each formulation the variation in hardness values were distinct. This showed that the different
formulations of brake pads provided different hardness values. In addition, CON and BHN 4 brake pads had the same

hardness values, which shows the same surface rigidity.

Table 2: Hardness Properties of BHN and CON Brake Pads

CON 27.3

BHN 1 24.6 -10
BHN 2 30.7 13
BHN 3 26,3 —
BHN 4 27,3 0

BHN 5 235 -14
BHN 6 31,7 16

317

Hardness

30.7
27.3 i 27.3
25.0 i 235
200
15.0
10.0
5.0
0.0
CON

BHN 1 BHN 2 BHN 3 BHN 4 BHN 5 BHN &

Biobased Hybrid Nanocomposite Sample (Vol.)

Figure 1: Hardness Properties of BHN and CON Brake Pads.

The high content of friction modifier in the BHN 2 and BHN 6 formulations caused a slight reduction in hardness
properties of the developed brake pads. This result is in line with the studies by Gbadeyan [5] and Rukiye et al. [46] in
which a higher graphite content reduced the hardness properties of the brake pad. As can be seen in Figure 1, the hardness
value of the conventional pad is higher than almost all bio-based nanocomposite brake pad formulations except BHN 2 and
BHN 6. The hardness properties of CON brake pads is due to the loading and homogeneous dispersion of the ceramic

additive.
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The higher hardness values for BHN 2 and BHN 6 can be attributed to the loading of CNSs in the composition.
Therefore, the hardness values of BHN 2 and BHN 6 should be observed because they have better surface toughness than
conventional brake pads. Thus, the results show that the hardness properties of the BHN and conventional brake pad were
similar.

Compressive Modulus

As shown in Figure 2 the values of the compression modulus from the linear fraction of the engineering stress and strain
bar was compared in graph form with different BHNs and the CON brake pad formulations. The results show that
compared to CON, the BHN 2, BHN 3 and BHN 6 brake pads showed higher elastic modulus. This can be attributed to the
homogenous distribution of CNSs and graphite nano-powders in the composition. A synergistic interlocking bond with the
matrix was formed by this component, which works together to produce a more stable structure that results in better
stiffness, Figure 2 shows that the compressive strains of BHN 1, BHN 4, and BHN 5 were lower when compared with the
CON pad. When loaded with additives, the brittle behavior of the BHN brake pads group caused the material to break
rapidly during testing.

Table 3: Compressive Modulus of BHN and CON Brake Pads.

CON 9,30
BHN 1 4,50 -51.6
BHN 2 11,11 194
BHN 3 12,32 32,5
BHN 4 5,11 -45.0
BHN 5 6,74 275
BHN 6 10,75 15,6
14.00
12.32
12.00 1075
10.00 9.30
&
':’: 800 6.74
3
6.00 5.11
é 4.50
s 00
&
&
& 200
S
0.00
CON BHN 1 BHN 2 BHN 3 BHN 4 BHN 5 BHN 6
Biobased Hybrid Nanocomposite Sample (Vol.)
Figure 2: Compressive Modulus of BHN and CON Brake Pads.
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The Absorption Test

The absorption rate of brake pads generally affects the braking performance [39]. For that reason, the oil and water
absorption of the brake pad samples should be investigated. Therefore, the methods used to determine the absorption of
brake pads were tested as laid out below.

Water Absorption

Table 4 shows the conventional and developed brake pad water absorption rate and is illustrated in Figure 3. The water
absorption value of the two brake pads had low variation from 0.18 5 % to 2.02 % compared with the value 5.03 %
recorded by Dagwa and Ibhadode [47] and 5 % to 9 % by Mayowa et al. [48]. The moisture absorption rate of BHN brake
pad samples ranged from 0.18 % to 1.97 % which is low compared to the CON brake pads (2.02 %) as shown in Figure 3.
Brake pads BHN 2 and BHN 3 showed water absorption values of 0.18 % and 0.22 %, respectively. The water absorption
rate of the two samples were relatively low compared to that of the CON brake pads. This major reduction may be due to

the interconnecting bond created by the additives.

Table 4: Water Absorption Rate of BHN and CON Brake Pads.

CON 2,02
BHN 1 0,44 78
BHN 2 0,18 91
BHN 3 0,22 89
BHN 4 0,27 87
BHN 5 0,49 76
BHN 6 1,97 3
2,50
2.02 1.97
2.00
£ 150
€
§ 1.00
g
.4
2 oso i =
i 022 0.27 .
- N .
CON BHN 1 BHN 2 BHN 3 BHN 4 BHN 5 BHN 6
Biobased Hybrid N posi ple (Vol.)
Impact Factor (JCC): 9.6246 NAAS Rating: 3.11

91



Develapment and Study of Tribological Performance of Bio-Based Hybrid Nanocomposites for Brake Pad Application 97

Figure 3: Water Absorption Rate of BHN and CON Brake Pads.

The water absorption of BHN brake pads and CON brake pads compared favorably with the standard
conventional brake pad values of (0 % to 4 % [43]. Kim et al. [49] reported that the water absorption increases the weight
and thickness of the brake pad, which eventually reduces the brake pad mechanical properties such as compressibility and
hardness. These results indicate that the BHN brake pads’ low moisture absorption rate prevented performance phenomena

variability, for example COF, which agrees with the COF illustrated in Figure 6.

Oil Absorption

Table 5 shows the values of oil absorption rates of the BHN and CON brake pad samples. The results indicate that the oil
absorption rate of BHN pads was lower than CON pads. The absorption of both pads was lower than the 2.34 % recorded
by Mayowa et al. [48] and the 0.44 % reported by Dagwa et al. [47]. However, under the same conditions, most of the

BHN brake pads absorbed a smaller amount of il than the CON brake pads. The low absorption rate of the BHN samples
could be due to the boundary bond being closer to the carbon-based material.

Table 5: il Absorption Rate of BHN and CON Brake Pad.

CON 0,40
BHN 1 0,32 20
BHN 2 (.28 31
BHN 3 0.19 52
BHN 4 016 60
BHN 5 011 71
BHN 6 0,42 -5
0.45 0.42
0.40 2.0
s 0.35 0.32
£ 030 0.28
$ o
g. 0.20 0.19
E 0.15 21 0.11
°© 0.10
=
0.00
CON BHN 1 BHN 2 BHN 3 BHN 4 BHN S BHN &

Biobased Hybrid Nanocomposite Sample (Vol.%)

Figure 4: Qil ahsorption Rate of BHN and CON Brake Pad.

The BHN 6 pads absorbed more oil and had higher absorption capacity than all the rest of the BHN and CON pad
samples. The increase in oil absorption could be due to the high loading of graphite nano powder and CNSs. The BHN 5
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oil absorption rate was low (0.11 %) which was 71 % higher than the 0.40 % absorption rate achieved by CON pad

samples.

Figure 4 shows the oil absorption graph of BHN and CON brakes pads for each sample afier 24 hours. Increasing
the concentration of CNSs reduces the matrix interface between the fibers. This creates holes that make the flow of

fluid possible.
Wear Rate

The wear rate and friction coefficient of BHN brake pad with respect to three different speeds is shown in Table 6. The
variation of BHN and CON brake pads wear rate at three different speeds is shown in Figure 5. As a function of speed, the
correlation between the wear rates and formulation of brake pads was measured. The wear rate of all BHN and CON
samples was reduced as the speed increased. This could be due to the improved heat resistance and toughness of the
additives in the samples. Sample BHN 2 and BHN 6 brake pads showed a low wear rate compared to CON due to high
surface hardness. This good wear resistance can be attributed to the uniform distribution of CNSs and binder guality in the
matrix. In addition, the shared effect developed by carbon-based additives and the bonding properties of epoxy resin

provide excellent component bonding that counteracts abrasion.,

Table 6: Coefficient of Friction and Wear Rates of bio-Based Hybrid Brake Pads.

433.6 1300,8 2168,0 4336 1300,8 2168,0
CON 3,1E-08 1,82E-08 1,53E-08 0.564 0,557 0,581

BHN 1 8.3E-08 3.78E-08 2.44E-08 0.454 0,475 0,500
BHN 2 2,28E-08 1,77E-08 1,39E-08 0.525 0,531 0,555
BHN 3 200E-08 1.61E-08 1.43E-08 0.375 0.377 0,376
BHN 4 3,84E-08 1.67E-08 1.97E-08 0.320 0,352 0,364
BHN 5 3E-08 1.07E-08 9,53E-09 0.525 0,531 0,555
BHN 6 2B4E-08 9,31E-09 8.25E-09 0,388 0,394 0,423

The correlation of wear rate and speed on BHN 1, BHN 4, and BHN 5 was obvious as the speed increased. As the
speed increased the brake pad samples showed a random wear rate. This performance may be due to gradual thermal stress
build-up produced as sliding distance increases. Furthermore, it is evident that BHN 2, BHN 3, BHN 6 with 0.3 wt. % of
was lower than other samples, including CON brake pads. This can be attributed to the uniform distribution of the CNSs

potential resulting in effective wear resistance.
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Figure 5: The Variation of Wear Rate With Speed.

This trend of variation of wear rate with speed is consistent with the report by Friedrich et al. [50] where a
combination of fiber showed good wear resistance. As reported in the literature, adding CNTs generally improves the
thermal and mechanical properties of composite materials. In this respect, the BHN brake pads’ lower wear rate could be
due to the synergistic functions of graphite nanoparticle (GN) and CNSs which work together to produce a coil resulting in
higher strength, better heat absorption, stiffness, and toughness due to more stable structure [4, 50, 51]. The wear test
shows that as the CNS content increases, the wear rate reduces. The results also show that by reinforcing the resin and

other components, the CNSs improve the wear resistance of [riction materials,

According to Ibhadode and Dagwa [52] and Ikpambese et al. [43], increasing the speed increases the contact
between the rotor and the brake pads. Therefore, the increase in the wear rate of BHN 1, BHN 4, and BHN 5 are due to the
increase in contact between the brake pad and the rotor as the speed increases. This speed increases thermal inductive

stress and frictional heat, leading to the breakdown of additives, which finally leads to an increase in wear rates.
Friction Coefficient (COF)

For good brake pad performance, the friction coefficient value of a pad should range between 0.35 and 0.65 according to
the SAE J661 CODE standard value recommended for vehicle brake pad application [53]. The friction coefficient obtained
for BHN and CON brake pads was found to be between (.320 to 0.581, which is within the standard of the SAE 1661
CODE. Table 6 shows the relationship between the speed and the friction coefficient of BHN brake pads. As shown in
Figure 6, the COF varies with different formulations of brake pads. As reported by Lee et al. [21] and Lawrence and Paul
[39], this fictional performance in the brake pad material formulations can be due to the abrasive filler and friction modifier
loading. Figure 6 shows that the BHN brake pads and CON brake pads keep a constant friction coefficient as the speed
changes from 433.6 m/s to 2168 m/s. This development is consistent with research by Jang et al. [37] who reported a stable

COF in different brake pad formulations,
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Figure 6: The Coefficient of Friction Variation with Speed.

The BHN brake pads BHN 2 and BHN 5 had a similar friction coefficient value of 0.555 u which was higher than
the COF values of other BHN brake pads. This behavior can be aitributed to the amount of CNSs added to the
composition. The result is in agreement with Ibhadode and Dagwa [52] who found that high fiber in the composition of
brake pads increases COF. Likewise, the stable graphite formation in the composition may be the reason for BHNs’
friction coefficient stability. The reduction in BHN 1, BHN 3, BHN 4, and BHN 6 COF may be due to graphite
nanoparticles and CNSs interactive lubricating effect and the carbon bonding used as a friction modifier in the formulation
of brake pad materials [21, 29].

Scanning Electron Microscopy

The morphology of the worn surface of CON and BHN brake pads filled with CNSs was investigated to determine the
tribological performance of the brake pad samples under a SEM. Figure 7 shows the SEM micrographs of CON and BHN

brake pad worn surfaces at 500X magnification.
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B

Figure 7: SEM Micrograph of BHN and CON Brake Pads Worn Surfaces.

The order of wear is CON, BHN 1, BHN 2, BHN 3, BHN 4, BHN 5, and BHN 6. In Figure 7 stress yielding
textures are observed at the worn surface of the CON brake pad, which could be attributed to the crystallographic textures
caused by the deformation of constituents. The stress surface textures may be due to the high amount of tough, abrasive
material that controlled abrasion and increased the friction coefficient. Regarding the worn surfaces of the brake pads,
homogenous dispersion of CNSs as well as cracks, wear debris, flakes, and plateaus are visible on BHN brake pad worn
surfaces. The wear is reportedly structured by the formation of plateaus. The BHN brake pads worn surfaces revealed the
structural formation of matrix-enclosed carbon fibers. The cracks were due to the material’s toughness and brittleness.
BHNI’s worn surface clearly shows the presence of CNS bundles, which are tangled and closely embedded in

nanocomposite material. Despite all the impact shock, the materials are still intact.

Samples BHN 2 and BHN 5 demonstrated suitable compaction of the wear debris. Therefore, the plateaus were
formed at the interface with the metal fiber [54]. The width of plateaus of BHN 2, BHN 3, BHN 5, and BHN 6
nanocomposite samples was about 2 pm, which is in agreement with the I pm to 5 pm recorded by Eriksson and Jacobson
[55]. The primary plateau was formed as the pads wear, which induces increased contact of the surface area between rotor
and brake. As the contact area increases wear occurs and the surface becomes smooth. Therefore, the elastic contact
component increases, and the actual contact area increases accordingly. The coefficient of friction increases with the
defined applying force [54-57]. The smooth surface noticed on the BHN 4 brake pads worn surface may be due to
homogenous dispersion of the carbon-based additive. This output may also be attributed to the constant friction coefficient,

as shown in Figure 6, and can improve by keeping the brake pad and rotor contact.
CONCLUSIONS

This study aimed to develop a BHN brake pad application. A mixture of CNSs, graphite nanoparticles, steel nanoparticles,
and epoxy resin were used to produce the BHN brake pad samples for solving the braking system problems. CNSs were
used to enhance the mechanical and tribological properties of the pad. Graphite nanoparticles were employed as an internal
lubricant to control the brake pad wear and friction. Loading of CNSs improved the tribological and mechanical properties
of the BHN brake pad. The hardness of the CON brake pad is 27.3, which was slightly higher than the hardness found in
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the BHN brake pads except for BHN2 and BHNG that were 13 % and 16 % tougher. The uniform dispersion of silicon

carbide (ceramic additives) in conventional brake pads results in improved hardness properties.

The water absorption value of BHN and CON recorded a lower rate ranging from 0.18 % to 2.02 %, which was
better than the water absorption value recorded in the literature [47, 48]. However, the moisture absorption rate of BHN
brake pads (0,18 % to 1.97 %) was lower compared to CON brake pads (2.02 %). The oil absorption rate of BHN and
CON differs with several formations. Under the same conditions, most BHN brake pads absorbed less oil than CON brake
pads. It was noted that BHN 5 had a 0.11 % lower oil absorption rate, which was 71 % better compared to CON brake
pads. This performance was due to lower porosity and the interface bond with carbon-based materials, Therefore, the
increase in the BHN pads’ oil absorption rate can also be attributed to graphite nanoparticles’ loading. According to
Ibhadode and Dagwa [52], graphite has a porosity that varies from 0.7 % to 53 %. Enticingly, the BHN brake pads with
better water/oil absorption properties than the CON pad and other existing pads may show better waterfoil resistance

when exposed during application.

Furthermore, the BHN brake pad has better tribological properties than the conventional brake pad. The COF of
both brake pad samples ranged from 0.3 to (1.5, which was within SAE J661 CODE standard value (0.3-0.6) as
recommended for vehicle brake pad application. The homogenous dispersion and increase in the CNSs increased the COF.
The interactive effect of carbon additives and the binder quality led to a low wear rate of the BHN brake pads. The SEM
image of the worn surface of CON brake pads reveal inconsistent and stress yielding surface textures, while homogenous
dispersion, wear debris, flakes, and plateaus are observed in BHN brake pad surfaces. This struetural formation provides
better resistance to the effectiveness of the interaction of the asperities between the two rubbing surfaces, which eventually
result in improved tribological properties. [t may be concluded that the tribological properties of the BHN brake pads
depend on CNS and graphite nanoparticle loading.
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INTRODUCTION

In the last two decades the formulation of brake pad materials has undergone significant changes due to health
problems related to the asbestos brake pad, and a meaningful effort has been made to develop high-performance
non-asbestos brake pad materials from agricultural waste [1-4] and composite materials [5-7]. Automobile brake
pads are ubiquitous, so the materials used in the development of such products need to be carefully selected to
reduce their impact on health and the environment [8-13]. Globally, material researchers and formulation designers
are involved in developing multi-phased friction composite material, i.e., combinations of filler, fibers, binders and
friction modifiers that meet quality requirements, as automotive braking technology continues to improve [14, 15].
The primary use of a binder is to hold the various components of the brake pad together and to prevent the
decomposition of its components [16-18]. In essence, fillers are used to reduce the total cost of the material and
effectively improve the brake pad properties [19]. Composite materials help researchers modify the existing
materials, making them more suitable and consistent, thereby developing a suitable substitute for the existing
materials. According to reports by [20], [21], [22], and [23], the use of various decision-making techniques and
maodels to optimize the friction composite materials can be used to improve the design of friction formulations for
standard performance objectives. Today, hybrid polymer composites material are being studied globally and
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becoming potential alternative materials in producing different components, products, and parts in industrial applications
124, 25].

The manufacturing of friction materials need to meet specific thermo-mechanical requirements [9, 26-31].
Braking friction materials must have good wear resistance, stable friction, low noise, and damping over a wide range of
temperature, pressure, and speed [15, 32]. Maintaining stable performance in terms of friction, wear, fade, and recovery

under a wide variety of operating conditions is the main atribute of the friction composite materials [15].

Thermo-gravimetric analysis and differential scanning calorimetric (TGA, DSC) have been used to study the
thermal behavior of materials [33]. The thermal analyser machine is used to calculate the heat flow (differential scanning
calorimetry) and the weight loss (thermo-gravimetric) in the material with respect to temperature and time. The daia
obtained from TGA is used to distinguish between endothermic measurements that are not associated with weight loss and
exothermic measurements that are associated with weight loss [34]. When assessing the thermal behavior of the brake pad,
the methodology described above is applicable to this study. The determination of thermal properties, compressive
strength, impact strength and dynamic mechanical analysis (DMA) are suitable for this study, especially to determine the
performance of braking and stopping force of the hybrid brake pads.

A new BHN brake pad has been developed which is a mixture of nanoscale carbon-based materials and has been

employed to produce brake pads. The work investigates the thermo-mechanical properties of BHN friction materials.

EXPERIMENT
Materials

ATM Composite in Durban, South Africa, supplied the BHN materials based on a neat epoxy resin of LR 20 type without
modification which was used as a binder. The carbon nanospheres (CNSs) were produced by simple physical activation
under nitrogen atmosphere (catalyst-free) at the Department of Chemistry, University of Zululand, South Africa. Stainless
steel nanoparticles and graphite nanoparticles were purchased from Capital Lab supplies, Durban, South Africa. These
materials were added together to make 100% by weight to the produced BHN brake pads as shown in Table 1. Each
nanosphere was about 10 nm to 60 nm in diameter [35].

Prior to the production of the BHN brake pad, epoxy resin was weighed and heated to a temperature of 70 °C in a
beaker to reduce the viscosity and facilitate the dispersion of other components. The componentis were mixed using a

mechanical stirrer for one hour at 500 rpm to attain a homogenous mixture.

Table 1: Bio-Based Hybrid Nanocomposite Formulation

BHNI | 981 I 0.1 0.8 100

BHN 2 98.6 0.3 0.3 0.8 100
BHN 3 98 I 0.2 0.8 100
BHN 4 98.6 0.5 0.1 0.8 100
BHN 5 97.9 1 0.3 0.8 100
BHN 6 98.7 0.3 0.2 0.8 100
Impact Factor (JCC): 9.6246 NAAS Rating: 3.11
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Resin mixtures/CNS+NG

Epoxy Resin Carbon
Nano-Sphere Graphite
Nano-Particles

Hot plate

Casting and curing process .

Stainless Steel
Nano-Particle

Blo-Based Hybrid Nanocomposite
Brake Pad Sample

Figure 1: Bio-based Hybrid Nanocomposite Brake Pad Process Overview

The BHN material was achieved at room temperature and mixed with 100 vol.% to 30 vol.% of catalyst to
improve the curing process. Stainless steel nanoparticles (8.0 wt.%) were added to the different compositions, as shown in
Figure 1. The plastic mold was waxed before the material was poured into the mold for casy removal of the BHN sample

after two days. After curing for 14 days, the samples were tested.

MECHANICAL PROPERTIES

Compressive Strength

The compressive strength of a material is the ability of the material to resist fracture under compression. The compressive
properties of the BHN brake pads were calculated according to a standard specification of the ASTM D 695 tests [36]. A
Lloyd Universal Testing Machine equipped with a 30 kN load cell was used to test the samples as shown in Figure 2. A
rectangular test sample with width, thickness, and dimensional length of 12.7 mm x 12.7 mm x 57.0 mm was cut from the
developed biobased hybrid nanocomposite using a diamond-cutting machine. Before testing, sandpaper was used to

smooth any sharp edges of the samples left by the diamond-cutting machine.

L hoad

Samele

Figure 2: Compressive Test with Hardened Blocks on Lloyd Testing Machine
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The test sample was gripped directly between the compression plates prepared in the moveable crosshead, and
the bottom crosshead blocks were compressed before gauge failure. After proper positioning and tightening of the sample
between the compression plates, the load was applied, and the compressive strain was examined from the display output,
The load was applied slowly to the sample, and at regular intervals the corresponding strain was recorded. The six samples
were tested at ambient temperature with a test speed of 1.3 mm £ 0.3 mm (0.050 inches £ 0.010 inches) / min. The average
value was used for graphical representation, and a discussion of the six samples was reported. The following equation was

used to calculate compressive strength, strain, and modulus.

-

O = e S
Ci=1")

Eo = T (2)

E=2200 i (3)
Ea—ky

[.: Original gauge length (mm)
A" : Original cross-sectional area of the sample in the gauge length (mm?)
F*: Maximum load applied before crushing (N)
a, Compressive strength
[*: Specimen length after crushing (mm)
ay, 0, : Corresponding stress at the specific strain (MPa)
£y, Corresponding stress at the specific stress (MPa)
E: Compressive modulus {MPa)
Impact Strength

The impact resistance of developed bio-based hybrid nanocomposite and conventional brake pads was determined by
conducting a Charpy test at room temperature using the Hounsfield Balance Impact Tester produced by Tensometer Lid.
Croydon, United Kingdom. The Hounsfield Balance Impact Machine is made according to the ASTM D6110-10 standard
with a three-point to Charpy device [121]. The geometric size of the sample cut from the brake pad was 50 mm*x 10 mm’x
5 mm® ie., length, width, and thickness. This method allowed the samples’ width to vary according 1o the different
materials (either brittle or ductile). All samples had a 4 mm deep mark at the center part opposite the impact part, and the
impact width area was 6 mm. The six samples were examined for brake pad formation, and the impact speed was about 6.7

m / 5. The average collected value was used to determine the energy absorption using the following formula:

AE
B s )

1§: Impact strength (KJ/m2)

AE: Absorbed energy (Joule)

W: Remaining width at the notch (m)
T: Specimen thickness (m)

Impact Factor (JCC): 9.6246 NAAS Rating: 3.11
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Scanning Electron Microscopy (SEM)

After the impact test, the BHN brake pad fracture surfaces were examined with scanning electron microscopy (SEM) using
EVO HD 15 model produced by Carl Zeiss Environmental SEM operating 1000 times zoom under atmospherically
controlled conditions at 20 kV [19, 37, 38]. The samples were coated with an ultra-thin gold film before microstructure

analysis.
THERMAL ANALYSIS

The thermo-mechanical properties of the BHN samples were investigated using dynamic mechanical analysis (DMA),
while the BHN samples' thermal behavior was studied using a (TGA). The TGA test aimed to determine the thermal
stability, temperature degradation, and heat energy absorption of each brake pad.

Thermo-Gravimetric Analysis (TGA)

The TGA testing was conducted under a dry nitrogen gas flow rate of 100 mL/min from 20 °C to 600 “C and a 100 °C/min
heating rate. The thermal stability and degradation of the BHN samples were measured using the thermal analyser
instrument SDT Q600 V20.9 Build 20, TGA is a widely used thermal analytical technique for determining thermal
stability, ash content, etc., related to composite materials. TGA calculates the weight loss of the sample in relation to the

temperature.
Dynamic Mechanical Analysis (DMA)

The thermo-mechanical properties of the BHN brake pads were investigated using DMA to determine the storage modulus
(E'), loss modulus (E"), and tan-delta (T'an §) in relation to temperature scanned. The DMA of each BHN sample was
examined using TA instrument DMA (model Q800 V21.2 Build 88) following the ASTM EI867 standard at the frequency
of 10 Hz under three-point bending mode from 20 °C to 190 °C under atmospheric conditions with the temperature scan

[39]. The sample size of 5.5 cm x 1.2 mm x 0.35 cm was examined [40].

RESULTS AND DISCUSSION

Compressive Properties

The compressive strength of BHN and the control (CONTR) brake pads are presented in Table 2. It can be seen that BHN
I, BHN 2 BHN 3, BHN 5, and BHN 6 brake pads had a higher compressive strength compared to CONTR, while sample
BHN 4 did not. Sample BHN 2 exhibited 43.7 % higher compressive strength than CONTR; this improvement could be

due to nanoparticles and nanosphere in the composition.

Table 2: Compressive Strength of BHN and Control Brake Pads

BHN 2 4311.4 43,7
BHN 3 3896,3 299
BHN 4 1772,6 -40.9
BHN 5 37714 25,7
BHN 6 3557.3 18.6
www.lipre.org editor@ijpre.org
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As shown in Figure 3, it was noticed that there was a different compressive strength for each brake pad
formulation. The bond between the quantity and the constituent type affects the composite strength and influences the final
properties [41]. Given this aspect, in the formulation of each brake pad, the inconsistent compressive strength shown in
Figure 3 can be attributed to the different content of the additives.

5000.0
4500.0
4000.0

3500.0
& 3000.0
2 2500.0
= 2000.0

1500.0

1000.0

500.0

0.0

CONTR BHN1 BHN2 BHN3 BHN4 BHNS5 BHNG6
Bio-based hybrid nanocomposite (Viol. %)

Compressive Strenght

Figure 3: Compressive Strength of the BHN and CONTR Brake Pads

The higher loading of graphite nanoparticles, therefore, resulted in lower compressive strength of the BHN 4
sample. In conclusion, strength was affected by better bonding of brake pad additives. The compressive strength of the
BHN brake pads sample filled with 0.3 % CNSs improved with an increase in CNS content. Although the CNS content of
BHN 3, BHN 5, and BHN6 brake pads increased, BHN 2 showed the highest strength.

This improved strength meant that BHN 2 had a greater resistance to force than other BHN and CONTR brake

pads. The damage caused by compressive stress and the failure that accompanied this manifested as delamination and
fracture of brake pad additives.

Impact Properties

Table 3 indicates the impact strength of the BHN and CONTR brake pads computed on the Charpy impact tester. Figure 4
shows the impact fractures of both developed BHN and CONTR brake pads. It was noted that, except for BHN [, BHN 2,
and BHN 5, the BHN brake pads had better impact resistance than the CONTR brake pad. The reduction in the impact
strength of BHN 1, BHN 2, and BHN 5 may be due to the agglomeration produced by high loading graphite nanoparticle,
The impact resistance of BHN brake pads varied with their composition. The impact resistance of BHN 4 was highest at
4.1 KJ/m?, which was 35.1 % higher than the CONTR brake pad impact value of 3.0 KJ/m? The improvement in impact
strength can be credited to the interlocking bond produced by the additives, which ultimately improved the energy
absorption capacity.

Table 3: Impact Strength of BHN and CONTR Brake Pads

" CONTR 3,0

BHN 1 29 -25
BHN 2 29 -4.6
BHN 3 34 11,7
BHN 4 4,1 35.1
BHN 5 2.8 -8.0
BHN 6 33 8,7
Impact Factor (JCC): 9.6246 NAAS Rating: 3.11
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Figure 4: The Impact Fracture Resistance of CONTR and BHN

Subsequently, SEM testing was carried out to determine the brake pad impact failure. Figures 5a to 5g present the
SEM micrographs captured for the BHN and CONTR brake pads fracture surfaces at 2500X magnification. The CONTR
brake pad fracture surface exhibits disintegration of the composition, porosity, and surface degradation, causing cracks on
the CONTR impact surface. These structures indicated a brittle failure and were consistent with the impact value presented
in Table 3. However, the trend of BHN brake pads is the opposite, as the fractured surface were together with the hard
fracture surface. A uniform distribution of carbon nanosphere was observed, supporting the impact stress resistance

results, This structure improved the inner hardness of BHN brake pads, thus improving the breaking fracture resistance.

As shown in Figures 5a to 5g, micro-cracks were noticed on BHN 4 and BHN 5. Surface degradation was
observed on BHN 1 and interlocking structure on BNH 3 and BHN 6. These may be due to fiber matrix or additive
accumulation at a certain point in the matrix, leading to delamination and reduction in the strength of the BHN brake pads.

As the fiber loading increased, the fiber interface reduced. Therefore, it reduced the impact strength, as shown in Table 3.

www.ijpre.org editor@tjpre.org
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Figure 5 a to g: The SEM Micrograph of the BHN and CONTR brake Pads Impact Fracture Surfaces

Impact Factor (JCC): 9.6246 NAAS Rating: 3.11
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BHN 2 shows a tough fractured surface with a uniform mixture of ingredients filled together. This structure forms
an interface bond with increased carbon content, which is in line with the excellent impact resistance recorded in Table 3,
Therefore, the total energy needed to break the BHN brake pad resulted from the interfacial bond present between the
binder and other additives. Hence, the improvement of fracture resistance at which the BHN brake pad broke can be
credited to the carbon-based filler loading properties, the binder adhesive qualities, and interactive functions of the carbon-

based ingredients.
Thermo-Gravimetric Analysis (TGA)

In respect to the time and temperature, the thermo-gravimeter was used to calculate the weight loss, while differential
scanning calorimetry was used to measure the differential heat flow in the material. The thermal stability and degradation
of BHN brake pads were studied using TGA, as shown in Figure 6. The results show that the CONTR and BHN brake pads
had similar thermal stability and degradation temperatures. This output could be due to the characteristics of the thermal

properties in the CNS and graphite nanoparticles in the formulations of the brake pads.
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Figure 6: TGA curve of the BHN as a Function of Temperature
0.001 (CONTR), 1.002 (BHN 1), 2.001 (BHN 2), 3.001 (BHN 3), 4.001(BHN 4), 5.001 (BHN 5), 6.001 (BHN 6)

Itis also evident from Figure 6 that the weight loss increased with an increase in temperature. It can be understood
from the figure that the decomposition temperatures varied according to the different brake pad formulations. These results
show that the graphite nanoparticle loading in the formulations impacted the BHN brake pads' decomposition temperature.,
The BHN brake pad sample with 0.3 % of graphite nanoparticle had a better degradation compared to others. However, the
loading of CNS content positively impacted the BHN brake pads with 0.3 vol.% and 0.3 vol.% graphite nanoparticles. The
BHN samples had better thermal stability as the CNS content increased accordingly.

The weight loss appeared in three phases. The thermal image of the BHN and CONTR formulation presented in
Figure 6 shows that all nanocomposite materials had a gradual decomposition rate at the first stage, and the thermal
stability was approximately 98 %. The first weight loss in all friction nanocomposites was very low. About 2 % weight loss

occurred at 50 °C to 350 °C related to the sample water and gas. After that, the decomposition rate accelerated as the
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vertical negative slope curve at the second stage became sharper and sharper, and the thermal stability was approximately
74 %. The second weight loss was around 20 % to 30 % at about 350 °C to 400 °C due to hemicellulose thermal
depolymerization and resin degradation, and the rate of degradation/decomposition was much faster, The decomposition
rate changed more gradually at the third stage with an average of 78 % thermal stability.

The third weight loss was about 3 % and happened in the range 400 °C 1o 600 "C and was due to more
decomposition. At temperatures above 400 °C, due 1o the intersection of degradation curves, an increase in thermal
stability of BHN 2 and BHN 5 was observed with a greater quantity of carbon-carbon additives becoming more dominant
in thermal stability. The TGA curve showed that adding CNS to the resin matrix greatly improved the materials’ thermal
stability, but CONTR also showed excellent thermal stability. This thermal stability improvement can be due to the thermal
properties of carbon-based additives, which have impeded the distribution of volatile decomposition from the matrix. This
output is consistent with the studies by Krump et al. and Duquesne et al. [42-44], where volatile degradation products
adsorbed from the surface of the material improved thermal stability.

Table 4: TGA of the BHN Brake Pad Friction Material

50 °C1o 350°C | 350 °Cto400°C | 400 °C to 600°C
CONTR 95,35 44,81 14,73
BHNI 94,99 43,66 15,81
BHN2 95,51 40,58 14,22
BHN3 9479 42.57 17,55
BHN4 95,68 45,54 18,66
BHNS 96,16 49.79 14,84
BHN6 94,99 42,86 14,66

Table 4 shows the average thermal stability (%) of the BHN brake pad and CONTR at three different temperature
zones (50 °C to 350 °C, 350 °C 1o 400 °C, and 400 °C to 600 °C), illustrated in Figure 6. The BHN brake pads and

CONTR brake pad exhibit similar thermal degradation in all three temperature zones.
Dynamic Mechanical Analysis

The dynamic mechanical properties such as storage modulus (E"), loss modulus (E"), and damping factor or tan-delta
(Tan &) of the bio-based hybrid nanocomposite materials were investigated as a function of temperature as shown in
Figures 7 to 9. This function makes it possible to understand the loss in mechanical, physical, and wribological properties
with increased temperature, which can be due to modulus loss [45, 46]. Figure 7 shows the characteristics of the BHN
storage modulus, All the BHN samples remained high in the temperature range 20 °C to 55 °C and followed E' magnitude,
BHN 6, BHN 5, BHN 4, BHN 3, BHN 2, BHN 1, and CONTR.
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Figure 7: Storage Modulus of the BHN as a Function of Temperature
0.001 (CONTR), 1.001 (BHN 1), 2.001 (BHN 2), 3.001 (BHN 3), 4.001(BHN 4), 5.001 (BHN 5), 6.001 (BHN 6)

There was a steady storage modulus loss at an estimated comparable rate as temperature increased. This outcome
could be because of the breaking or weakening of the molecular bonds between various polymeric chains, resulting in
weakening of the structure, The material appears to exhibit viscous performance in the temperature range 50 °C to 70 °C,
as established by loss modulus curves shown in Figure 8. Thus, the variation of graphite nanoparticles in the samples
improved the modulus throughout the formulation. The BHN samples appear to lose their functional properties at a higher
temperature. The functionality of the samples nearly finished at the temperature range 80 °C to 190 “C. It can be seen that
the loss modulus remained low within the temperature range of about 20 °C to 55 °C as the storage modulus is still in the

dominant position throughout the formulation, as shown in Figure 7.

The characteristics of the loss modulus of the BHN material studied are illustrated in Figure 8. At temperatures
between 50 °C to 70°C, the loss modulus increased exponentially compared to the sharp fall in the storage modulus, The
increase was in BHN 6, BHN 5, BHN 4, BHN 3, BHN 1, BHN 2, and CONTR. It was also observed that the viscous zone
temperature moved marginally towards the low-temperature side with a rise in the variation of graphite nanoparticles

reinforcement.
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Figure 8: Loss Modulus of the BHN as a Function of Temperature
0.001(CONTR), 1.001 (BHNT), 2.001 (BHN2), 3.001 (BHN3), 4.001(BHN4), 5.001 (BHNS), 6.001 (BHN6)

At a temperature of between 90 °C and 190 °C, all the material failed and resulted to zero loss modulus. The Tan § loss
evaluates the energy lost within the material during the damping process. The characteristics of damping or Tan & of the
BHN materials studied are illustrated in Figure 9. The higher the value of Tan 4, the better the damping capacity of the
friction materials. Figure 9 showed similar temperatures between 20°C to 55 °C and a similar plot, i.e., CONTR, BHN 6,
BHN 5, BHN 4, BHN 3, BHN 2, and BHN 1 storage modulus and loss modulus. It was observed that within the
temperature range 20°C to 55 "C.Tan & had a lower magnitude throughout the formulation, which was due to the
supremacy of the storage modulus over the loss modulus. At a temperature range between 55°C and 105 °C, the Tan §

magnitude of BHN was higher due to the supremacy of the loss modulus over the storage modulus.
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Figure 9: Tan & of the BHN Friction Materials as a Function of Temperature
0.001 (CONTR). 1.001 (BHN 1), 2.001 (BHN 2), 3.001 (BHN 3), 4.001(BHN 4), 5.001 (BHN 5), 6.001 (BHN 6)

In this area, the BHN materials have outstanding damping characteristics. It was also noted that the peak moved towards
the lower temperature side with an increase in graphite nanoparticle reinforcement. Besides, at the temperatures between

105°C and 190 °C, the storage/loss modulus became as low as CONTR, and the BHN Tan § magnitude became minimal.
CONCLUSIONS

BHN brake pads containing CNS were produced, and their thermo-mechanical properties were evaluated. The
thermomechanical analysis of BHN brake pad materials yielded the following important results. The mechanical properties
of the BHN brake pad materials investigated were within the industry-standard range. The compressive strength of the
BHN brake pads were higher than CONTR by 43.7%. The CONTR brake pad’s impact resistance was 17.6 KJ/ m?*, while
the BHN brake pads' impact strength varied with the formulation. The SEM results revealed micro-cracks on BHN 4 and
BHN 5 fractured surfaces, while surface degradation was observed on BHN 1 and interlocking structure observed on BNH
3 and BHN 6.

The TGA curve showed that adding CNS to the resin matrix greatly improved the materials' thermal stability, but
CONTR also showed excellent thermal stability, The BHN brake pads' thermal stability increased as the CNS content
increased with a corresponding decrease in graphite nanoparticle content, From the DMA result, the integration of CNS
into nanocomposite friction material led to improved storage modulus, loss modulus, and damping factor when sufficient
graphite nanoparticles were added. The modulus and damping properties of the BHN brake pad materials showed a

significant increase in graphite nanoparticle reinforcement and temperature variation, The storage modulus plots showed
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the heterogeneity present in the BHN brake pads. At a temperature range between 90°C and 190 °C, all the material failed

and resulted to zero loss modulus. Tan & has a lower magnitude throughout the formulation at the temperature range 20 °C

1o 55 °C, which was due to the supremacy of the storage modulus over the loss modulus,
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CHAPTER 8: CONCLUSION AND FUTURE WORK

8.1 Conclusion

This study aimed to develop an efficient BHN brake pad material prepared from PKF agricultural waste
to investigate the brake pads' functional properties such as mechanical, thermal stability, and
tribological, compared with conventional brake pads. A mixture of carbon nanosphere synthesized from
PKF, graphite nanoparticles, steel nanoparticles, and epoxy resin was used to produce the BHN brake

pads. The following are conclusions drawn from this work.

The review of various biomass-based waste materials as an alternative to asbestos brake pads material
showed that the biomass materials performance was similar to the asbestos brake pads with no negative
health issues or environmental impacts. The studies hitherto have found that loading of fillers has a
significant effect on the final material properties. The advantage of these materials is that they are
biomass residues and have good mechanical properties. In the case of PKF (biomass) as a filler material,
both materials and binders affected the mechanical, tribological, and physical properties of the brake
pad sample developed. The wear rate improved with the addition of bio-based filler into the developed
brake pad material. The combination of the binder and fillers at a smaller quantity offered composite

material with improved wear resistance and stable coefficient of friction.

The process of synthesis of CNSs from PKF involved carbonization at 600 °C for 2 hours, followed by
physical activation under CO- gas at 850 °C for 1 hour, then treatment for 30 minutes using ethanol
vapour at temperatures of 700 °C, 850 °C, and 1000 °C. The synthesis results of CNSs prepared from
PKF carbon activated without catalysts or toxic materials revealed that the synthesized CNSs could be
used as filler or reinforcement materials in brake pad production applications due to their simple
production process, non-toxicity, and cost-effectiveness. The SEM studies confirmed that carbon
nanospheres with diameters between 10 nm, and 60 nm were formed at 1000 °C. The EDX showed
high carbon contents of 89.33 %, 87.59 %, and 89.40 %, respectively, in all CNSs synthesized. The
elemental analysis of the CNSs showed that the highest carbon content of 89.40 % after ethanol vapor
treatment occurred at 1000 °C. The results also showed that the CNSs were spheres with smooth

surfaces.

The temperature effect of the synthesis on the growth of CNSs from PKF activated charcoal using
ethanol vapor treatment at a temperature of 700 °C, 850 °C, and 1000 °C at 150 °C intervals was

recorded. The low synthesis temperature at 700 °C was not sufficient to form CNSs, while a small
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sphere morphology was formed at a temperature of 850 °C. Several CNSs with little quantities of
amorphous carbon were formed at 850 °C. At a temperature of 1000 °C, clean CNSs were produced
with a uniform diameter size. The SEM images revealed that the temperature growth affected the growth
rate of the CNSs, the diameter and the density. In addition, temperature played a significant role in the

production of high quality and high yield CNSs.

The experiment and analysis of results of brake pad properties developed from BHN materials showed
that the brake pad performance changed with each pad formulation. The BHN brake pad material
showed better performance than the CON brake pad in most tests. Loading of CNSs improved the
tribological and mechanical properties of the BHN brake pad. The CON brake pad hardness was 27.3,
which was slightly higher than the hardness found in the BHN brake pads except for BHN 2 and BHN 6
that were 13 % and 16 % tougher. The water absorption value of BHN and CON recorded a lower rate
ranging from 0.18 % to 2.02 %, which was better than the water absorption value recorded in some
literature [3, 75], while the oil absorption rate of both BHN and CON brake pad varied with several
formations. In the same conditions, most of the BHN brake pads absorbed less oil compared to CON

brake pads.

The COF of both brake pad samples was within SAE J661 CODE standard value (0.3 to 0.6) as
recommended for vehicle brake pad applications. The SEM image of the CON brake pad worn surface
revealed inconsistent and stress yielding surface textures, while homogenous dispersion, wear debris,
flakes, and plateaus were observed in the BHN brake pad surfaces. Furthermore, the BHN brake pads
had better tribological properties than the CON brake pad.

Thermo-mechanical properties such as compressive strength, thermal stability and impact strength of
the developed BHN brake pad were compared with the CONTR brake pad. The compressive strength
of the BHN brake pad was higher than CONTR by 43.7%. The higher compressive strength can be
credited to the interconnected C-C bonds of CNS and graphite nanoparticles, which produced a covalent
bond between the carbon and the binder. The CONTR impact resistance was 17.6 KJ / m?, while the
BHN brake pad impact strength varied with the formulation. The impact strength of BHN 3, BHN 4,
and BHN 6 were higher compared to CONTR. The improvement in impact strength can be credited to
the additives' interlocking bonds thereby improving the energy absorption capacity. SEM showed
micro-cracks on BHN 4 and BHN 5 fractured surfaces, while surface degradation was observed on

BHN 1 and interlocking structure observed on BNH 3 and BHN 6.

The results of the thermal stability and degradation temperature of the BHN brake pad material showed
a constant increase in temperature. Both BHNs and CONTR brake pads had similar (approximately

98%) thermal stability and weight at the three-temperature zone as they had a gradual decomposition
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rate at the first stage of 50 °C to 350 °C. At the second stage of 350 °C to 400 °C, the thermal stability
was approximately 74 % due to hemicellulose thermal depolymerization and resin degradation. The
weight lost at 400 °C to 600 °C, the third stage, was due to more decomposition. However, the final
weight loss of the BHN brake pads after 400 °C, which was higher than the brake pad average operating
temperature (300 °C to 400 °C), can be attributed to the addition of carbon-based additives.

From the DMA result, at a temperature between 55 °C to 105 °C, the Tan § magnitude of BHN was
higher due to the loss modulus supremacy over the storage modulus. At a temperature between 55 ° to
105 °C, the Tan § magnitude of BHN was higher due to the loss modulus supremacy over the storage
modulus. In addition, at the temperature between 105 °C to 190 °C, both the storage modulus and loss
modulus became as low as CONTR, and BHN Tan § magnitude reduced. There was a steady loss of

storage modulus at an estimated comparable rate as temperature increased.

8.2 Future work

Some limitations were encountered on completing this study, pointing the way to future studies using

other bio-based precursors to synthesize nanoparticles for brake pad production.

1) A longer curing time will influence the brake pad mass production; therefore, it is recommended

to fast cure the resin.

2) For future work, it is recommended that a high percentage of the resin should be present in the
brake pad formulation in order to have good consolidation and integration of the components

and thus to achieve better properties. The results of this work confirmed this.

3) The results of strength and wear rate are improved by the presence of a good weight percentage
of resin. Likewise, the use of a suitable percentage of lubricant and reinforcement can improve

the material properties.
4) A new possible area for future research is the thermal stability and degradation of the BHN
brake pad; improving these properties will enable researchers to produce a more efficient brake

pad.

5) Another area that needs attention in the future is the interfacial adhesion and bonding strength

between the nanocomposite and the matrix to improve tribological and mechanical properties.
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6) The nanoparticle materials used to make brake pads were tested at room temperature. In the
future the properties of different nanoparticle materials should also be investigated at high

temperatures and below room temperature.
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APPENDICES

Appendix [: Pictures of the equipment

Picture 1: Thermo-Gravimetric Analyser (TGA) / Differential Scanning Calorimeter (DSC)

Picture 2: Dynamic Mechanical Analyser (DMA)
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Load

Holder
Metal disc
Sample
Sand paper Sheet
Picture 3: Tribometer (In-house built pin-on-disc)
Force Gauge
Barcol hardness tester

Indenter Leg
Nanocomposite Sample

Indenter Point

Picture 4: Barber Colman Barcol impressor hardness tester
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Picture 5: Pendulum Type Impact Tester

Picture 6: FEG-SEM
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Picture 7: FT-IR Spectrometer

Loading head

= Hardened Blocks

Sample

Picture 8: Lloyd testing machine
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