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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 CO2. 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 𝛿 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 𝛿 magnitude reduced. Excellent mechanical and tribological properties of BHN brake

pad was achieved at 0.3 % CNS. 
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CHAPTER 1: 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 
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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/cm3, 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/cm3, 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].  
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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 
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to grow CNSs through a simple physical activation method under a CO2 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. 

1.4 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 
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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. 

 

 



6 

 

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 CO2 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.  
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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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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 CO2 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 / m2, 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 𝛿 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 𝛿 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 𝛿 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 I: Pictures of the equipment 
 

 

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

 

 

 

                                    Picture 2: Dynamic Mechanical Analyser (DMA) 
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                                     Picture 3: Tribometer (In-house built pin-on-disc) 

 

 
 
                                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 

 

 

                                            Picture 8: Lloyd testing machine 
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Appendix II: Editing Certificates 

 
                                             Appendix A: Introduction and Conclusion 
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Appendix B: Chapter 2 
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Appendix C: Chapter 3 
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Appendix D: Chapter 4 
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Appendix E: Chapter 5 
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Appendix F: Chapter 6 
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Appendix G: Chapter 7 

 

 








