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Abstract 
Brake pads in automobiles are crucial, since their effectiveness determines the safety of 
vehicles in operation. Alternatives for brake pad liners are continuously being researched 
as a way of replacing detrimental materials such as asbestos and graphite. This research 
was aimed at developing some eco-friendly brake pad liners with agro-residue materials. 
The brake pad liners were produced using compression moulding employing particle sizes 
of three different sieve ranges of 400-300, 300-250 and 400-00 µm. The composite 
materials for brake pad liners production included seashell, sawdust, palm kernel shell 
(PKS) and charcoal, serving the functions of structural, filler, abrasive and lubricant, 
respectively, while the binder used to hold the composite together was epoxy resin 
(polyepoxide) mixed with hardener (diethylenediamine) in 2:1 ratio. Microstructural 
analysis conducted on three samples, formulated based on selected sieve ranges, displayed 
the composite arrangement in the formulation, and the effect of particle sizes. Sample C 
(400-00 µm) displayed an evenly distributed and closely packed particle sample. Results 
revealed that hardness of the composite material decreased with smaller sieve ranges. 
Sample C, with the compressive strength of 4.0839 MPa, had lowest hardness value and 
highest thermal stability of 394 ºC, with corrosion rate of 0.0056 mm/yr. 
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Introduction 
Braking systems in automobiles have the function of controlling the speed of a 
vehicle in motion by overcoming its momentum through an energy conversion 
mechanism induced through the wheel by friction between two surfaces (brake pad 
and rotor). This is achieved through energy conversion from kinetic to heat energy, 
thus reducing motion, and eventually bringing it to a rest position when engaging 
for a certain period of time [1-3]. The performance of a good brake pad is often 
determined by the effectiveness of its liner during the braking operation, when the 
brake is engaged in moving the vehicle. So, this liner should be made of a material 
with moderate frictional coefficient, good wear resistance, as compared to the rotor 
resistance, appropriate thermal stability, even distribution across the friction lining, 
and suitability of its usage under any weather condition [4-7]. All these parameters 
are dependent of the friction liner constituents, as a single material cannot 

 
The abbreviations list is in page 532. 
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displayed all required properties [1, 3], and of the distribution of the material 
forming the brake pad liner [8].  
The braking operation could be achieved either: mechanically, as found mostly in 
parking car by restriction of its movement, even when it is on a slightly sloped terrain; 
hydraulically, when hydraulic fluid is used as a means of transferring the pressure 
from the brake pedal to the pad; or pneumatically, which is majorly employed in 
commercial vehicles where higher braking efficiency is required due to the higher 
momentum to be overcome [9]. For all these modes of power transmission from the 
brake pedal to the receiving end (brake pad), wear usually builds up due to friction 
between surfaces in contact (i.e. brake pad and disc) [10, 11]. Thus, proper monitoring 
should be conducted and replacement be made on a regular interval, either with 
distance coverage method or based on usage duration [1].  
There are different classes of friction materials that are employed, but asbestos-lined 
type of brake pad was mostly used due to its outstanding performances and 
characteristics, including low density, moderate mechanical properties, good thermal 
resistance, appropriate frictional coefficient and excellence wear resistance to disc [3]. 
Brake friction liner usually contains four major important constituents which are 
binders, fillers, lubricant/frictional modifiers and reinforcement, in which asbestos has 
been majorly used as filler with phenolic resin, graphite and silica oxide/steel dust as 
binder, lubricant and reinforcement/abrasive, respectively [13]. However, researches 
have deemed asbestos carcinogenic to human respiratory organs, which has led to its 
usage ban for brake pad production in over sixty countries of the world [1, 12], after 
its trace to diseases known as asbestosis, mesothelioma, lung cancer and others has 
been confirmed. This has led researchers to investigate for potential and permanent 
materials in automobile industry that have similar properties or better performance 
compared to asbestos-lined brake pads [1, 14, 16, 18]. Thus, the use of industrial and 
agricultural waste, such as seashell, sawdust, palm kernel shell (PKS) and charcoal, 
as base material, fillers, abrasive and friction modifier/lubricant, respectively, and 
epoxy resin, as binding agent for brake friction liner, can be of economic value, means 
of foreign exchange and environmental beneficial for the country [1, 16, 19]. Also, 
eco-friendly agro-animal residues, such as palm fruit fibre, bush mango nutshell, 
coconut, egg, periwinkle, snail, cocoa beans and shea nut shells, cow bones, hooves 
and horns, rice husk, bamboo leaves, sawdust, maize husk, banana peels and bagasse, 
have displayed a huge potential for brake pad application [16, 20-22, 30].  
Therefore, this research examined micro-mechanical and electrochemical 
behaviour of brake pad liners made from composites of eco-friendly agro-residues 
material, alongside other environmental friendly additives, with the aim of total 
replacing asbestos and other synthetic additive material constituents in brake pads. 
The reference brake pad purchased from market is presented in Fig. 1. 
 

 
Figure 1: Reference commercial brake pad sample. 
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Methodology 
Material sourcing and collection 
The materials used for this research were seashell, sawdust, PKS, charcoal, epoxy 
resin (polyepoxide) and hardener (diethylenediamine). Clam seashell (Mercenaria 
mercenaria) was adopted due to its excellent structural and thermal stability 
properties, and readily availability, and it was collected at Ajah beach, Lagos state. 
Ayunre (Albizia zygia) sawdust and white kola charcoal (Garciana cola), of trees 
with approx. 8 and 10 years of age, respectively, were collected at Igbo-alahun 
village, Oyo State. PKS (Elaeis guinensis) was sourced and collected at Iyeku 
Osun State. Epoxy resin (Polyepoxide) and hardener (Diethylenediamine) were 
used for their excellent properties, such as wear and crack resistance and higher 
structural stability at elevated temperatures, and were purchased at Ojota chemical 
market (Lagos).  
 
Material preparation 
Raw materials (seashell, sawdust, PKS and charcoal) were dried under sun for 
seven days, with average time of 5 h per day, to remove surface moisture. They 
were grinded with attrition milling, and sieved using three different sieve ranges 
of 400-300, 300-250 and 400-00 µm. Epoxy resin (Polyepoxide) and hardener 
(Diethylenediamine) were mixed in ratio 2 to 1, as shown in Fig. 2, which is in 
agreement with the formulation of brake pad liner produced from sawdust 
composite [31]. 
 

 
Figure 2: (a) seashell, (b) sawdust (c), PKS and (d) charcoal as pulverized materials; (e) 
epoxy resin and hardener. 
 

Sample formulation and production 
Composite formulations were prepared using three different particle sizes of 
seashell, sawdust, PKS, charcoal and binder contents, as shown in Table 1, based 
on the modification suggestion [1].  
 

Table 1: Sample formulation for production. 
 

Composite Sieve ranges (µm) Seashell Sawdust PKS Charcoal Binder Total 
Sample A 400 - 300 30 20 17 6 27 100 
Sample B 300 - 250 30 20 17 6 27 100 
Sample C 400 – 0 30 20 17 6 27 100 
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Selected materials – 30 g seashell, 20 g sawdust, 17 g PKS and 6 g charcoal –  were 
thoroughly mixed with an electric-powered mechanical mixer, for ten min, to give 
a homogeneous material mixture. Epoxy resin and hardener, with ratio 2:1, were 
mixed in a separate container. Production flowchart is presented in Fig. 3. 
 

 
Figure 3: Brake pad liner production flowchart.  

 
The two mixtures were then blended with a mechanical mixer, until a low-moisture 
homogenous mixture was formed. Then, the blended mixture was compressed in 
a fabricated metallic mould of 1400 mm3 volume and placed on a backing plate 
(cut into dimensions to be accommodated by the brake calliper) of 4 mm thickness 
(high carbon steel plate). Compressive force of 40 kN was applied to bind the 
material with the backing plate, for 5 min holding time, under the compression 
testing machine (STYE-2000) shown in Fig. 4.  
 

 
 
 
 
 
 

 
Figure 4: (a) Compression testing machine and (b) mould and die. 

 

Afterwards, the brake pad was ejected from the mould, and kept at room 
temperature, for 24 h, before being cured in an electric oven, at 150 ºC, for 60 min. 
Fig. 5 shows the produced brake pad. 
 

 
 
 

 

Figure 5: Produced brake pad samples. 
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Micro-mechanical and electrochemical behaviour of brake pad liners 
The following experiments were carried out on the brake pad liner to determine its 
microstructural, hardness and corrosion behaviour for better comparing the 
samples’ performances. 
 
Hardness test  
Hardness test was conducted using Monsanto Testing Machine for hardness and 
shearing (Fig. 6), to determine Brinell hardness of the samples (BHN).  
 

 
 Figure 6: Monsanto testing machine for hardness and shearing. 

 

Samples were cut to a specific square shape of 30 by 30 mm and thickness of 12 
mm. Then, they were fixed into the tensiometer, to be subjected to compression of 
load of 1250 kg, for 20 sec., after which the indented diameter was measured by 
eye scope. BHN, which is the pressure per unit surface area of identification in kg 
per square meter, was calculated using Eq. (1): 
 

 BHN =
ௐ

(
ഏವ

మ
)×(஽ି√஽మିௗమ)

   (1) 

 
where W is load on indenter (kg), D is diameter of steel ball (mm) and d is average 
measured diameter of indentation (mm). 
 
Compressive strength test 
Compression test on the samples was conducted using universal testing machine 
(Model: INSTRON 3369), as shown in Fig. 7.  
 

 
Figure 7: Universal Testing Machine. 
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Compression of the brake pad liner was investigated by placing the sample 
between the compression plates provided in the adjustable and bottom crossheads. 
The sample was properly positioned and gripped firmly between the compression 
plates, while load was gradually applied on it, and corresponding compressive 
strain was recorded at regular intervals. The process was repeated for the other 
samples. [32-34].  
 
Thermogravimetric analysis  
Thermogravimetric analysis was conducted on the samples using TGA 1000 
model, for determining their thermal stability as temperature increased. It is 
generally known that the material’s stability and performance varies with 
temperature increment, and failure occurs when thermal capability of the material 
is reached. Thus, different samples exhibit different thermal stability. The 
apparatus, which measures change in the sample’s weight as temperature changes, 
is equipped with a furnace, a highly sensitive weighing meter located above the 
furnace, being thermally isolated from heat (Fig. 8). 
 

 
Figure 8: Thermogravimetric analyser. 

 

Corrosion test 
Corrosion test was conducted using Gamry potenntiostat/galvanostat/ZRA 
Reference 600+, based on ASTM G31 standard procedure. Corrosion testing is an 
inevitable step in material selection to establish the suitability of material for their 
intended use. It determines the resistance of materials to corrosion under certain 
environmental conditions, including temperature, humidity and exposure to 
chemicals. 
Potentiodynamic polarization curves was performed in a conventional three 
electrodes cell using computer-controlled potentiostat/galvanostat (Gamry 600+). 
Platinum, Ag/AgCl, in 3 M KCl, and steel (with an exposure area of 10 mm2) were 
used as counter, reference and working electrodes, respectively. The electrodes 
were allowed to corrode freely for two h (120 min). After this procedure, a steady-
state open circuit potential corresponding to corrosion potential of the working 
electrode was obtained. The procedure was repeated for each sample, with a fresh 
solution of 3.5% NaCl, to simulate sea water corrosion, at the scan rate of 5 mV/s. 
Fig. 9 shows the picture of corrosion test instrument. 
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Figure 9: (a) Gamry potentiostat; (b) schematic picture of corrosion instrument. 

 

SEM-EDS 
This non-destructive micro-chemical analysis (SEM-EDS) provides chemical 
analysis of the field of view or spot analysis of minute particles, with high-
resolution detailed image of the sample, by a focussed electron beam across its 
surface, detecting its secondary or backscattered electron signal (Fig. 10). 
 

 
Figure 10: SEM-EDS analyser. 

 

Results and discussion  
Hardness assessment 
Fig. 11 shows hardness behaviour of the composite with respect to the control 
sample. It was established that the hardness of the material decreased uniformly 
with reduced sieve ranges from 400–300 µm, in sample A, to 300–250 µm, in 
sample B. Closeness of hardness value of sample C (400-0 µm) is attributed to the 
interwoven of different grade of particle sizes forming a highly closed packed 
composite, which resulted in higher density of the formulated sample. Hardness 
value of control brake pad lining material was 153.95 BHN. Sample A, with 153.51 
BHN, had the highest hardness value among the produced samples. Sample C had 
the lowest hardness of 123.21 BHN. This behaviour is known as inverse Hall-Petch 
effect [35,] due to the crystalline structure of the base material (seashell).  
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Figure 11: Comparison of hardness of produced samples with the control friction sample. 
 

Compressive assessment 
Fig. 12 demonstrates that compressive stress, energy at break and compressive 
extension at break of the composite friction materials increases from sample A to 
C. This shows that the brittleness of the produced friction materials decreases with 
increased particle sizes, which resulted in higher energy requirements to break the 
specimen. Higher compressive extension at break of sample C was due to proper 
and homogeneous arrangement of particles in the sample. Compressive stress, 
extension and energy at break of sample C were 4.0839 MPa, 3.8996 mm and 
4.0528 J, respectively, while those of conventional friction material were 13.8371 
MPa, 2.2293 mm and 5.4460 J, respectively.  
 

 
Figure 12: Compressive strength of produced samples with a control friction material. 

 

Thermogravimetric analysis result 
It could be generalized from Fig. 13 that the profile of the thermal behaviour 
degraded down step-wisely with an initial oxidation resulted in about 8% mass loss 
below 220 ºC, which is associated with the formation of volatile matter during 
firing by the furnace.  
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Figure 13: Comparison of thermal conductivity of produced samples with a control 
friction material. 
 

Continuous heating to a temperature above 300 ºC resulted in carbon oxidation of 
which produced samples showed a better stability to degradation in an oxidizing 
environment compared to reference commercial brake pad liner.  
From the graph, control sample total weight loss at a temperature of 308.22 ºC was 
68.6%, which implies that there was a possible failure of the materials at approx. 
300 ºC.  
The same amount of weight loss was at 356.50, 378.25 and 394 ºC for the run of 
samples A, B and C formulated composite brake pad liners, respectively. In 
summary, the newly formulated brake pad liner (sample C) performed much better 
than the control sample at higher temperature, due to its high thermal stability 
which was 22.79% higher compared to the reference commercial sample. A similar 
trend was observed by [36]. 
 
SEM-EDS 
Fig. 14 shows the arrangement of particle composition in the control friction 
material and in the produced samples.  
The particles arrangement in the sample C composite friction material shows 
uniform distribution and closely packed arrangement in their sizes which resulted 
in an increase in density and corresponding stronger wear rate.  
Higher hardness value of control sample is attributed to the closely packed particle 
of its content, which resulted in its brittleness due to the rise in compressive 
strength. The presence of elements like Ti, Si, and exposure to high Cl content, in 
the control sample have adverse effects on human health. 
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Figure 14: SEM/EDS results. 

 

Corrosion test result 
The result of corrosion test carried out is presented in Fig. 15.  
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 15: Comparison of corrosion rate of the control and produced samples. 
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According to the obtained value, it was revealed that the newly formulated brake 
pad material has a very high resistance to corrosion compare to the reference control 
sample. Corrosion rate of the three formulated composite material ranged from 
0.0066, 0.0060 and 0.0056 mm/yr. for samples A, B and C, respectively, compared 
to its reference commercial sample with 1.4373 mm/yr., as shown in Table 2.  
 

Table 2: Corrosion result data. 

 

This result disclosed that the formulated composite material is extremely resistant 
to corrosion, and the usage of the material in the wet/moist environment has little 
or no effect on the performance of the brake pad liners when stored or packed on 
the vehicle for a long duration.  
The control sample has a very high corrosive ability due to the present of metallic 
elements in the sample like Ti, and high percentage of S which reacted with other 
metals content like Mg, Al, Fe and Zn on the control sample to liberate hydrogen 
gas, which has caused its corrosivity [37]. 
 
Conclusions 
Micro-mechanical properties of the formulated brake pad liners displayed an 
outstanding performance as compared to the reference commercial sample which 
accord its suitability as substitute for asbestos and other harmful additives in these 
materials. Particle arrangement of constituents of the developed brake pad liner 
revealed an evenly distributed constituents with no harmful elements presents. 
Hardness and corrosion rate of the produced liner reduced from sample A to C as 
the particle sizes decreases with hardness values of 153.51, 131.12 and 123.12 BHN 
and corrosion rate of 0.0066, 0.0060 and 0.0056 mm/yr. for samples A, B and C, 
respectively. Compressive strength increased with decrease in particle sizes of the 
formulated constituents with values of 2.4603, 4.7155 and 4.0839 MPa, for sample 
A, B and C, respectively, while hardness, compressive strength and corrosion rate 
of the control sample were 153.95 BHN, 13.8371 MPa and 1.4373 mm/yr.  
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3.5% NaCl 
Ecorr  
(V) 

jcorr  
(A/cm2) 

Corrosion rate  
(mm/yr) 

Polaris. resist. 
(Ω) 

βa  
(V/dec) 

βc  
(V/dec) 

Control  -0.5718 1.24E-04 1.4373 128.26 0.0587 0.0968 
Sample A -0.3425 3.85E-06 0.0066 2795.7 0.0736 0.0951 
Sample B -0.3022 4.23E-06 0.0060 2957.4 0.0784 0.0876 
Sample C -0.2876 4.81E-06 0.0056 3410.8 0.0810 0.0707 
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Abbreviations 
BHN: Brinell hardness number 
EDS: Energy-dispersive X-ray spectroscopy 
PKS: palm kernel shell 
SEM: Scanning Electron Microscopy 
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