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 A B S T R A C T 

The objective of this study has been to investigate the tribological 
performance of automotive brake pad friction material (BFM) made 
from agro-waste materials, specifically rice husk (RH) and sugarcane 
bagasse ash (SCBA). These materials were combined using phenolic 
resin along with other compositional components. The mechanical, 
physical, and tribological performance of both samples was assessed 
according to established standards. The microstructure of the samples 
was examined using Scanning Electron Microscopy (SEM) and Energy 
Dispersive X-ray Spectroscopy (EDX) to analyze the bonding and 
distribution of materials. The results indicated that sample 1 (S1) 
outperformed sample 2 (S2) in terms of compression strength, 
hardness, fade resistance, and recovery. The hot and cold coefficients 
of friction for sample 1 (S1) were 0.47 and 0.43, respectively, while for 
sample 2 (S2), they were 0.48 and 0.47. Chase test data revealed that 
both samples demonstrated a fade resistance of over 75% and a 
recovery exceeding 100%. The friction material was evaluated using 
edge code assessment, resulting in ratings of 'FG' for S1 and 'GG' for S2. 
The SEM-EDX analysis indicated that both samples had similar surface 
morphologies, and no fiber delamination was observed in either sample 
after the friction tests. This study adds to the growing body of research 
focused on developing safer and more environmentally friendly 
alternatives to traditional brake pad materials, which can be 
detrimental to the ecosystem. 
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1. INTRODUCTION  
 
Automobiles utilize one of two primary brake 
system designs: disc brakes or drum brakes. 
Since ventilated brake discs are subject to 
varying loads, their design must provide 

satisfactory heat transfer and sufficient thermo-
structural fatigue life. Therefore, they should be 
designed in accordance with coupled thermo-
mechanical fatigue life. Currently, most cars are 
equipped with disc brakes due to their superior 
heat dissipation capabilities [1]. The type of 
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friction materials used significantly influences 
braking performance [2]. These friction 
materials consist of several unique fundamental 
components, including minerals, carbon, 
lubricants, metallic particles or fibers, as well as 
various abrasives and fillers, all bound together 
by a polymeric binder, typically a thermosetting 
polymer [3]. 
 
In the 19th century, “British Belting and 
Asbestos Limited” introduced asbestos-based 
brake pad materials because of their ability to 
dissipate excessive heat. Asbestos fibers have 
historically been valued for their exceptional 
mechanical and tribological properties, making 
them common additives in brake pad 
formulations integrated into polymeric matrices. 
[4] However, growing environmental and 
sustainability concerns have led to increased 
scrutiny of metallic and synthetic materials used 
in the braking industry. Consequently, non-toxic 
alternatives are gradually replacing hazardous 
substances like asbestos and copper previously 
used in brake friction materials (BFMs) [5]. 
Asbestos use is currently banned in over 60 
countries [6-8]. 
 
Due to its harmful effects on aquatic life, the use 
of copper in BFMs has also been reduced and is 
limited to 0.5% in the United States by 2025. One 
of the most challenging tasks is replacing copper 
due to its significant impact on brake pad 
performance [6,8-9]. It is widely understood that 
substituting copper with a single ingredient can 
be difficult. Alternatively, brass can be employed 
as a critical component in brake pad 
formulations because it enhances thermal 
conductivity, wear resistance, fade resistance, 
and tribo-load bearing capacity. Research 
indicates that the solid lubrication and primary 
contact sites provided by brass fillers in brake 
pads act as reinforcing factors, facilitating 
smooth sliding behavior [10]. Furthermore, 
studies have shown that the tribological and 
physico-mechanical performance of brake 
friction materials (BFMs) is significantly 
influenced by the composition of brass, 
particularly the copper-to-zinc ratio [11]. Brass 
containing 80% copper and 20% zinc has been 
found to outperform other types of brass. 
Additionally, incorporating brass particles 
improves thermal characteristics and 
contributes to wear and friction mechanisms 
[12]. The friction coefficient stabilizes when 

there is an optimal amount of 4.5 weight percent 
of brass. However, it has also been observed that 
tribo-performance declines once the brass 
content exceeds the ideal value of 8% [13].  
It has also been observed that the materials and 
design of brake pads have a big impact on how 
much noise they produce, which in turn affects 
the comfort and health of the rider [14]. Due to 
environmental concerns, conventional copper-
based pads are being phased out. Fe–Al alloys, 
zinc, stainless steels, graphite/cellulose fibers, 
carbon fibers/nanotubes, and Promaxon-D 
fillers are some options that can lower noise 
without affecting braking performance. 
Formulations that are environmentally friendly 
(copper-free or asbestos-free) can still perform 
well in terms of tribological behavior and noise 
reduction [15]. 
 
The adverse impacts of asbestos and copper on 
the environment and humans have spurred 
interest in natural compounds as potential 
substitutes for the toxic materials used in BFMs. 
These natural substances are plentiful and 
possess favorable mechanical and physical 
properties, offering numerous advantages. 
Researchers have made several attempts to 
utilize organic and agricultural waste to develop 
non-asbestos friction materials [16-17]. Various 
friction materials have been created using 
pineapple [18], kenaf [19], palm kernel shell 
(PKS) [20,21], flax [22], bamboo [23], abaca [24], 
hemp [25], coconut (coir) [26], jute, ramie, sisal 
[27], corn husk [28], banana [29] , sugarcane 
bagasse [30], rice husk [31], and their 
derivatives [32]. 
 
India plays a significant role in the global 
agricultural economy, with approximately 70% 
of its population relying on farming for their 
primary source of income. The country ranks 
among the top two producers of rice and 
sugarcane (refer Figs. 1 and 2) [33]. This 
substantial agricultural output generates a 
considerable amount of waste, including crop 
residues. Some of this waste finds use as cattle 
feed, fuel for burning, or in the production of by-
products, but a significant portion remains 
unused [34-35]. 
 
Farmers commonly burn agricultural leftovers in 
open fields to dispose of this waste. This practice 
releases a significant amount of pollutants into 
the air, negatively impacting public health [36]. 
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Air pollution is the second leading cause of 
health issues in South Asia. It can result in 
various problems affecting the skin, eyes, lungs, 
heart, and nervous system [37]. Elevated levels 
of air pollution can lead to conditions such as 
asthma, bronchitis, chronic obstructive 
pulmonary disease (COPD), reduced lung 
capacity, emphysema, cancer, and other long-
term health complications. Therefore, it is crucial 
to identify efficient methods to utilize this 
agricultural waste productively and mitigate 
environmental pollution [38]. 
 

 
Fig. 1. Rice production in India (2024-25) [39]. 

 

 
Fig. 2. Sugarcane production in India (2024-25) [40]. 
 

While examining organic and agricultural 
wastes, rice husk and sugarcane bagasse (refer 
to Table 1) emerge as notable natural 
constituents. This is attributed to their high ash 
concentration, primarily composed of 
amorphous silica, which results from thermal 
degradation [41]. 
 
Air pollution originates from both natural 
sources and human activities. Recently, it has 

been projected to be a leading cause of 
approximately seven million deaths. Vehicles are 
now recognized as the primary source of 
particles released to the environment. The main 
contributors to particulate emissions from cars 
include engine fuel combustion, the wear debris 
of friction components such as brakes and 
clutches, and tire degradation. The wear 
products generated in the braking system are 
complex, as brake pads consist of various 
materials. Many earlier studies on organic 
materials did not measure particulate matter 
(PM) emissions, leading to inaccurate 
assessments of their methodologies [42,43].  
 
Table 1. Ash and silica content of plants [41]. 

Plant Parts of the plant Ash (%) Silica (%) 

Sorghum 
Leaf sheath 
epidermis 

12.55 88.7 

Wheat Leaf sheath 10.48 90.56 

Corn Leaf blade 12.15 64.32 

Bamboo 
Nodes (inner 

portion) 
1.49 57.4 

Bagasse -- 14.71 73 

Lantana Leaf and stem 11.24 23.28 

Sunflower Leaf and stem 11.53 25.32 

Rice husk --- 22.15 93 

Rice Straw  ---- 14.65 82 

Breadfruit 
tree 

Stem 8.64 81.8 

 
When inhaled frequently and over prolonged 
periods, crystalline silica is classified as 
hazardous by the International Agency for 
Research on Cancer (IARC). It has been listed as a 
carcinogenic agent in Group 1. In contrast, 
amorphous silica is not deemed to be hazardous 
to humans, as it falls under IARC Group 3 [44]. 
Some studies suggest that amorphous silica may 
have certain adverse health effects. However, they 
are not considered as severe as those associated 
with crystalline silica. Particularly at elevated 
temperatures, the silica content can significantly 
enhance friction performance [32,45]. 
Additionally, the hardness properties of silica 
contribute to the exceptional mechanical 
capabilities of brake composite materials. It has 
also been revealed that temperature significantly 
affects the structural and contact behaviour of 
disc brakes. So, it is essential to recognize that 
both rice husk and sugarcane bagasse, as agro-
industrial waste, present viable alternatives [46].  
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Considering the benefits of rice husk (RH) and 
sugarcane bagasse (SCBA), along with the 
drawbacks of asbestos and copper, this study 
demonstrated the feasibility of using a 
combination of RH and SCBA in brake friction 
materials (BFM), providing an eco-friendly 
alternative to traditional materials. 
Additionally, copper has been effectively 
replaced by brass in this application. The 
composition is detailed in Table 2. The samples 
were tested for the coefficient of friction (COF) 
using various friction test setups, viz., a pin-on-
disc tribometer and a friction test rig. 
Furthermore, the thermal degradation of the 
samples was assessed through 
thermogravimetric analysis, yielding 
promising results emphasizing the advantages 
of reusing agricultural waste in industrial 
applications [47].  
 
However, for better understanding of the 
tribological behaviour of BFM, fade and 
recovery performance and the worn-out 
surface morphology are also important. In 
previous studies of BFM that utilized a 
combination of rice husk (RH) and sugarcane 
bagasse ash (SCBA), these crucial tribological 
investigations were not conducted.  
 
Therefore, the objective of this study has been 
to evaluate the tribological performance of 
BFM developed with RH and SCBA by 
performing fade and recovery tests and 
microstructural analysis. The Chase test has 
been conducted in accordance with the 
IS:2742/1994 (SAE J661) standard to assess 
fade and recovery performance, while 
scanning electron microscopy (SEM) and 
energy dispersive X-ray (EDX) microanalysis 
were employed to examine the wear 
characteristics of the brake pad material. 
 
 
2. MATERIAL DEVELOPED  
 
All ingredients have been weighed on a scale 
according to the specified composition (refer 
to Table 2). They were mixed in a ball-type 
mixer for 30 minutes at a speed of 100 rpm. 
Different weight percentages of rice husk and 
sugarcane bagasse ash were incorporated into 
the mixture to create two distinct 
formulations. While S1 contains 6% RH and 
5% SCBA, S2 includes 5% RH and 6% SCBA. 

The remaining ingredients remained constant. 
The samples were made using standard 
practices of hot compression moulding and 
then cured in a furnace at the specified 
pressure and temperature. The moulding and 
curing parameters are presented in Table 3. 
Initially, the samples were formed into square 
sheets measuring 500 x 500 x 10 mm in 
thickness and were subsequently finished to 
the required specimen size (refer to Figs. 3a 
and b). 
 
Table 2. Formulation for brake pad friction material 
(% by weight). 

Ingredient S1 S2  

Binder: Phenolic resin 20 20 

Filler: 

Sugarcane bagasse ash, 
Calcium carbonate, China 

clay, Magnesium oxide, 
Barium sulfate, Carbon 

powder, Coke powder grit 
40, NBR powder 

45 46 

Friction modifier: 

Rice husk, Friction dust, 
Wollastonite, Red and 

Yellow oxide 

19 18 

Lubricant: 

Graphite fine (95% purity 
synthetic) 

2 2 

Reinforcement: 

Brass, Alumina, Glass fiber 
(4 mm, 6 mm) 

14 14 

 

 

(a) 

 

(b) 

Fig. 3. Fabricated samples – (a) S1, (b) S2. 
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Table 3. Manufacturing parameters. 

Parameter 
Values 

S1 S2 

Moulding time (min.) 15 15 

Moulding Temperature, 
Average (deg C) 

120 120 

Moulding Pressure (bar) 350 300 

Curing time (min.) 12 12 

Curing Temperature  

(deg C) 
100-110 100-110 

Curing Pressure (bar) 300 280 

 
 
3. MATERIAL CHARACTERIZATION 
 
3.1 Mechanical and physical test 
 
The standard procedure was employed for both 
samples to determine the density and hardness by 
following IS2742/2014 part 3 and IS2742/1994, 
respectively. Testing in accordance with ASTM D 
6641-2023 has been conducted to ascertain the 
maximum force and compression strength. The 
crosshead speed and grip separation were set at a 
rate of 0.05 inches per minute. The average sample 
size was 5.31 mm thick and 26.53 mm wide. 
Tension tests were carried out according to ASTM 
D3039-2014, resulting in the determination of 
ultimate tensile strength and breaking stress. The 
rate of grip separation/crosshead speed was 2 
mm/minute, with a preload of 0.1 MPa. The 
average sample size for these tests was 5.40 mm 
thick and 25.97 mm wide. Lateral shear strength 
has been calculated following ASTM D3518-2018, 
which included the assessment of in-plane shear 
strength and force at failure. The crosshead speed 
and grip separation rate for this test were 0.02 
inches/minute, with a preload of 0.5 MPa. The 

average sample size was 5.40 mm thick and 26.72 
mm wide. Three-point bending flexural tests have 
been performed in compliance with ASTM D790-
2017 to measure flexural strength and flexural 
modulus. The rate of grip separation/crosshead 
speed was set at 1% per minute, and a preload of 
0.2 MPa was applied. The average sample size for 
the bending tests was 5.31 mm thick and 26.01 mm 
wide, conducted using a span of 84.8 mm. The 
results are discussed in the following section. 
 
3.2 Fade and recovery test 
 
The fading phenomenon indicates a deviation 
from the friction law in friction materials, which 
adversely affects brake effectiveness and 
reliability. High temperatures at the contact point 
between the braking disc and pad reduce the 
brake pad's shear strength, thereby diminishing 
frictional force and leading to fade. The material 
determines the ideal operating temperature for 
maximum friction and the critical temperature for 
brake fade [48]. Too much cooling prevents the 
pad from reaching its best temperature, whereas 
inadequate cooling can cause fading. In both of 
these cases safety is compromised by taking 
longer stopping distances [49]. 
 
Friction performance, or fade performance, at 
elevated temperatures is commonly used to 
evaluate friction materials. For the experiments 
conducted on the Chase test setup, samples 
measuring 25x25x5 mm were prepared. The 
tests were performed according to the 
IS2742/1994 (SAE J661) standard. A cast iron 
drum with a diameter of 279 mm was utilized, 
rotating at a speed of 411 rpm. A normal load of 
67 kg was applied to the sample. The testing 
process followed the schedule outlined in 
IS2742/1994, as shown in Table 4. 

 

Table 4. Test Schedule as per IS2742 [51]. 

Sr. No. Test name 
Speed 
(rpm) 

On time Off 
time No. of brake 

applications 
Temperature 

(OC) 
Heater Blower 

Min sec sec 

1 
Burnishing  

(20 min) 
308 20 - - 1  ----- Off Off 

2 Baseline-1 411 - 10 -  20 82–104 Off Off 

3 Fade-1 411 10 - -  1 82–289 On Off 

4 Recovery-1 411 - 10 -  1 261–82 Off On 

5 Wear 411 - 20 10  100 188–195 Off Off 

6 Fade-2 411 10 - - 1 82–345 On Off 

7 Recovery-2 411 - 10 - 1 317–82 Off On 

8 Baseline-2 411 - 10 20 20 82–104 Off Off 
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Following coefficients of friction (COF) and 
tribological performance data have been 
estimated [10].  

1. COF minimum: This is the lowest COF for 
cycles of recovery, fade, and cold. 

2. COF maximum: This is the highest COF for 
cycles of cold, fade, and recovery. 

3. COF Performance: This represents the 
average COF for cycles of fading and recovery. 

4. COF Fade: This is the associated fade cycle's 
minimum COF. 

5. The maximum COF for the relevant recovery 
cycle is COF Recovery. 

 
From the above-mentioned values of COF, the 
fade resistance and recovery data obtained are 
as follows: 

% Fade resistance =
COF Fade

COF Performance
 x 100 (1) 

 % Recovery =
COF Recovery

COF Performance 
 x 100  (2) 

 
To evaluate the coefficient of friction (COF) for 
both samples, the Edge code serves as a reference. 
Edge ratings are represented alphabetically, 
beginning with the letter ‘C’ for the lowest friction. 
As you progress down the alphabet column, the 
friction levels increase. These ratings are detailed 
in Table 5. To identify the COF for each entry, two 
consecutive letters are required. The first letter 
indicates normal friction, while the second letter 
denotes hot friction [50]. 
 
Table 5. Rating of brake pad [50]. 

Rating Coefficient of Friction 

C Not over 0.15 

D Over 0.15 but not over 0.25 

E Over 0.25 but not over 0.35 

F Over 0.35 but not over 0.45 

G Over 0.45 but not over 0.55 

H Over 0.55  

 
3.3 Microstructural analysis 
 
The compositions and morphologies of the 
composite surfaces have been examined using 
Energy Dispersive X-ray Spectroscopy (EDX) and 
Scanning Electron Microscopy (SEM). The 
contact area on the composite surface plays a 
crucial role in defining the friction 

characteristics. SEM and EDX proved to be 
powerful analytical techniques for structural and 
elemental analysis across various materials. SEM 
provides high-resolution images of the sample's 
surface morphology, while EDX determines the 
elemental composition [52]. 
 

 
Fig. 4. Flowchart showing steps in SEM EDX analysis. 
 

A simple flowchart is shown in Fig. 4. The steps 
followed for SEM/EDX analysis are:  

1. Clean, stabilize, dehydrate, and mount the 
sample on a stub. If needed, next coat it with 
a conductive substance.  

2. Put the sample into the SEM vacuum chamber 
with the high vacuum turned on. 

3. Select the appropriate Secondary Electron 
(SE) detector.  

4. After adjusting the height, focus on the 
sample, capture high-resolution SEM images, 
and use the EDX detector simultaneously to 
analyze and map the sample's elemental 
composition.  

 
In this study, SEM and EDX microanalysis have 
been employed to investigate the surface 
morphology of the brake pad material in detail. 
The analysis of S1 and S2 has been carried out 
before and after the friction test to assess the 
wear performance. 
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4. RESULTS AND DISCUSSION 
 
The density of commercial brake pad friction 
material typically ranges between 1.01 and 
2.06 gm / cc. The recorded densities for S1 and 
S2 were 2.00 and 1.98 g/cm³, respectively, 
which falls within the acceptable range for 
commercial pads [53,54]. While a lower-
density brake pad material is generally 
preferred due to its lighter weight and reduced 
mass, the increased density observed in these 
samples [55]. This value is primarily attributed 
to a higher filler content, which enhances the 
homogeneity of the composite brake pads. 
Additionally, compared to sugarcane bagasse 
ash, rice husk (RH) contains a greater 
proportion of amorphous silica. The 
amorphous silica particles fill the voids within 
the mixture, contributing to the overall 
density. Other organic constituents in RH, such 
as hemicellulose and lignin, further contribute 
to the increased density [54]. 
 
An optimal composition for brake pad friction 
material is expected to yield hardness values 
ranging from 70 to 100. In contrast, commonly 
used asbestos-based brake pad materials have 
a hardness of approximately 101 HRB [3]. The 
measured hardness values fall well within the 
range of hardness values required for brake 
pad material [21]. The hardness values 
measured for both samples are well within the 
necessary range for brake pad materials. 
Although both samples have the same 
proportion of phenolic resin, S1 exhibits a 
higher hardness than S2, indicating that 
particle bonding is more effective in S1. 
Furthermore, the increased molding pressure 
may also have influenced the hardness of S1. 
 
The literature indicates that brake pad 
compressive strength typically ranges from 70 
to 125 MPa, based on the specific formulation 
and type of brake pad. While both samples fall 
within this range, their compressive strengths 
are lower than those of commercial brake pads 
[56,57]. This difference can be attributed to the 
larger particle size of the rice husk used in the 
samples. Research showed that reducing 
particle size enhances compressive strength. 
S1 exhibits a higher compressive strength 
compared to S2, likely due to its greater 
density (refer to Figs. 5 a and b) [58,59]. 
 

 
(a) 

 
(b)  

Fig. 5. Compression test results for a) S1 and b) S2. 
 

The shear strength of commercial brake pads, 
which are made of asbestos, is reported to be 
5.46 MPa [60]. S1, containing a higher weight 
percentage of rice husk, exhibits a lower shear 
strength compared to a commercial brake pad. 
Conversely, S2 contains a greater weight 
percentage of sugarcane bagasse ash (SCBA), 
which enhances the connection between the 
particles and the binder during the molding 
process (refer to Figs. 6 a and b).  
 

 
(a) 

 
(b) 

Fig. 6. In-plane shear test results for a) S1 and b) S2. 
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The tensile strength of a commercial brake pad is 
approximately 7.0 MPa [61]. Both samples 
demonstrate tensile strengths that are 
comparable to that of commercial brake pads 
(refer to Figs. 7 a and b). Research indicates that 
brake pads generally have a flexural strength 
ranging from 10 to 40 MPa [62]. The specific 
strength values depend on various factors, 
including the production procedure, bonding, 
reinforcements, and material composition. Both 
samples exhibited strengths within this range 
(refer to Figs. 8 a and b). The mechanical test 
comparisons are illustrated in Fig. 9, showing that 
S1 outperforms in terms of compressive strength 
and hardness, while S2 excels in tensile strength 
and in-plane shear strength. A comparison of the 
physical and mechanical properties of S1 and S2 
with relevant materials available in the literature, 
as well as with commercial brake pad materials, is 
presented in Table 6. 
 

 
(a) 

 
(b) 

Fig. 7. Tension test results for a) S1 and b) S2. 

 
(a) 

 
(b) 

Fig. 8. Flexural test results for a) S1 and b) S2. 
 

 

Fig. 9. Consolidated results of mechanical test results 
for S1 and S2. 

Table 6. Comparison of physical and mechanical test results with other comparable materials. 

Brake pad material 

Property 

Reference Density 
(gm/cc) 

Hardness 
Compression 

strength (MPa) 

Tensile 
strength 

(MPa) 

In-plane shear 
strength (MPa) at 

failure 

Flexural 
strength 

(MPa) 

Sample 1 2.00 100 HRL 74.42 9.58 3.85 27.91 --- 
Sample 2 1.98 95 HRL 58.21 15.50 6.41 30.25 --- 

Commercial Brake 
Pad (Asbestos-based) 

1.89 101 HB 110 -- 5.46 --- [21] 

Palm Kernel Based 1.65 92 HB 103.5 -- -- -- [21] 
Banana peel 1.26 98.8 HB 95.6 -- -- -- [29] 

Bagasse based 2.1-2.5 100.5 HB 105.6 13 - 25 -- 51 - 83 [30] 
Rice husk based 1.96-2.08 68-85 HRR -- -- -- -- [31] 
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4.1 Fade and recovery  
 
Fade and recovery performance are commonly 
used to demonstrate the temperature-dependent 
sensitivity of the coefficient of friction (COF) in 
friction materials. Recovery refers to the regaining 
of original performance under normal conditions, 
while fade is related to the decline in COF that 
occurs at elevated temperatures.  
 

 

(a) 

 

(b) 

Fig. 10. COF variation for S1 and S2 during the first 
a) fade cycle and b) recovery cycle.  

 
The results from the Chase test are presented in 
fig. 10 and 11, illustrating the fade and recovery 
characteristics for both samples. As shown in Fig. 
10 a, the performance of the friction composites 
did not follow a distinct trend. At the initial 
temperature of 93°C during the first fade cycle, 
the friction coefficient (COF) values for all 
samples remained within the desired range of 
0.3 to 0.7, typically expected for brake lining 
materials [63]. The fade COF for S1 and S2 at this 

level was 0.39 and 0.37, respectively, indicating 
minimal difference between the two. After 
exposure to a temperature of 289°C, there was 
still no significant change in their performance 
order, with COF values consistently in the range 
of 0.3 to 0.7. Following a 10-minute run at 288°C, 
the COF remained above 0.35. 
 

 

(a) 

 

(b) 

Fig. 11. COF variation for S1 and S2 during the second 
a) fade cycle and b) recovery cycle. 
 
During the first recovery cycle, a general 
improvement in COF was observed as the 
temperature decreased from 261°C to 93°C; S1 
demonstrated higher performance than S2, with 
recovery COF values of 0.521 for S1 and 0.509 for 
S2 (refer to Fig. 10b). 
 
In the second fade cycle, as the temperature rose 
to 345°C, another shift in the derived COF was 
noted. While S1 showed minimal variation, S2 
experienced significant changes in COF. The fade 
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COF during this cycle was nearly identical, 
measuring 0.42 for S1 and 0.41 for S2. The COF in 
this cycle has shown some improvement 
compared to the first fade cycle (refer to Fig. 11a).  
 
At the conclusion of the second recovery cycle, 
both S1 and S2 maintained their relative positions 
despite a slight decrease in COF compared to the 
first recovery cycle (refer to Fig. 11 b). The 
recovery COF for this cycle was recorded at 0.503 
for S1 and 0.493 for S2. Throughout the entire 
fade and recovery test, the COF never fell below 
0.3, which is the minimum requirement for 
effective BFM. The observations from the Chase 
test are outlined in Table 7 as follows. 
 
Table 7. COF from fade and recovery test.  

Parameter S1 S2 

Performance COF 0.46 0.46 

COF - Fade 1 0.39 0.37 

COF - Recovery 1 0.521 0.509 

COF - Fade 2 0.42 0.41 

COF - Recovery 2 0.503 0.493 

 
The percentage of fade resistance and recovery 
has been calculated, following the discussion in 
the previous section, and it is presented in Table 
8. A fading rate of less than 25% (indicating a 
fade resistance greater than 75%) is considered 
a critical safety criterion for braking, as fading 
friction becomes particularly significant at any 
given speed during continuous deceleration [3]. 
 
Table 8. % Fade resistance and % recovery. 

 S1 S2 

% Fade 1 resistance 84.78 80.43 

% Fade 2 resistance 91.30 89.13 

% Recovery 1 113.26 110.65 

% Recovery 2 109.34 107.17 

 
It is observed from Fig. 12 that both samples 
exhibit fade resistance exceeding the required 
threshold. However, S1 demonstrated slightly 
superior performance compared to S2. The 
primary cause of fading is the thermal 
breakdown of organic components, which occurs 
due to heat accumulation at the contact point 
[64]. The material loss and degradation of S1 is 
less pronounced than that of S2 at approximately 
350°C, resulting in better fade performance for 
S1 [47]. The recovery rate is a crucial factor 

influencing the friction value. Typically, the 
recovery rate of brake pad materials is expected 
to fall between 75 and 100 percent [65]. Fig. 13 
illustrates that the recovery characteristics of 
both S1 and S2 are comparable. 
 
In both fade cycles, the coefficient of friction 
(COF) exceeds 0.35, while the general 
requirement for COF during fade is between 0.35 
and 0.45 [10]. Throughout the fade and recovery 
cycles, the COF remains consistently between 0.3 
and 0.7, which represents the typical range for 
motor vehicles in the market. 
 

 

Fig. 12. Percentage Fade resistance of S1 and S2. 
 

 

Fig. 13. Percentage Recovery of S1 and S2.  
 

The wear behavior is a critical and changing 
property that is closely related to the material's 
thermal characteristics and the conditions in 
which it is used. According to the Chase test data, 
the wear mass percentages for S1 and S2 were 
calculated at 11.32 and 11.11, respectively [66]. 
Although S1 exhibits greater hardness, its wear 
is slightly higher than S2, as indicated in Table 9. 
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Table 9. Wear test data. 

 S1 S2 

 

Mass  

(gm) 

Thick 

 (mm) 

Mass  

(gm) 
Thick 
(mm) 

Initial 6.89 4.19 6.84 4.09 

Final 6.11 3.7 6.08 3.58 

Wear loss 0.78 0.48 0.76 0.51 

Wear % 11.321 8.03 11.111 8.43 

 
This discrepancy can be attributed to the fact 
that as speed and load increase, the wear 
values also rise. The repetitive impact loading 
caused by the asperities on the counter face 
escalates with sliding speed. This increase in 
frictional thrust accelerates the debonding and 

fracture of the reinforcing fibers, leading to 
chattering and localized vibrations at the 
sliding surface. Consequently, these fibers may 
negatively affect the counter-face film, thereby 
increasing the specimen's wear rate [67]. 
 
4.2 SEM and EDX study  
 
EDX and SEM were utilized to conduct a 
comprehensive examination of the wear 
mechanism in the brake pad material. The 
analysis of S1 and S2 was performed to 
evaluate their wear performance. 
Observations using SEM, EDX, and mapping 
were made before and after the friction test on 
the actual brake pad friction material for S1 
and S2 (refer to Figs. 14 and 15). 

 

  

(a) (b) 

  

(c) (d) 

Fig. 14. SEM Images of S1- a) and b) before the friction test, c) and d) after the friction test. 
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(a) (b) 

  

(c) (d) 

Fig. 15. SEM Images of S2– a) and b) before the friction test, c) and d) after the friction test. 

 

Figs. 16 a) and b) present the SEM analysis of S1 
and S2, respectively, captured at the micro scale 
prior to testing. The white spots and black 
regions observed in fig. 16 a) for S1 indicate the 
homogeneity of the sample. The area marked by 
the red circle highlights the uniform flat surface 
of the braking pad, along with the material's 
composition (see Fig. 16 a). The elemental 
composition of S1 before testing is also detailed, 
confirming that all components used in the pad 
material are present in the analysis. 
 
Fig. 16 b) illustrates the microstructure of S2 
before its use. The surface morphology of the S2 
demonstrates that the majority of the pad's surface 
is uniformly covered by the composite material. 
The red circle in Fig. 16 b) indicates the presence of 
some voids in the material, attributed to the filler 
material in the braking pad composition. Overall, 
the S2 exhibits greater uniformity compared to the 
S1 at the micro-scale [68,69].  

The SEM-EDX analysis reveals that various 
components contribute to the composition of the 
brake pad. The elemental makeup of S1 and S2 
before use is presented in Table 10. 
 
Table 10. Weight percentage composition of S1 and 
S2 before the friction test. 

S1 Before test S2 Before test 

Eleme
nt 

Weig
ht % 

Atomi
c % 

Eleme
nt 

Weig
ht % 

Atomi
c % 

C K 41.1 54.2 C K 35.5 48.4 

O K 36.5 36.1 O K 38.1 39 

MgK 1.6 1.1 MgK 1.7 1.2 

AlK 4.2 2.5 AlK 4.1 2.5 

SiK 7.8 4.4 SiK 11.1 6.5 

MoL 5 0.8 MoL 3.2 3.1 

CaK 1.9 0.8 CaK 4.1 2.9 

BaL 1.8 0.2 BaL 2 11.7 

   FeK 0.2 17.3 
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The analysis indicates that the percentage of 
oxygen (O) elements in both samples is nearly 
identical (refer to Figs. 16 a and b). This 
observation suggests that the unprocessed 
components consist of oxides, including common 
types such as magnesium oxide, zinc oxide, iron 
oxide, and aluminium oxide. These oxides serve 
as abrasive agents to enhance the friction level of 
the brake pads [70]. Often, these abrasive 
materials are incorporated into the pads to 
improve the coefficient of friction of the brake 
friction material (BFM). 
 
Additionally, the highest concentration of carbon 
(C) and the lowest concentration of magnesium 
(Mg) in the material imply the presence of rice 
husk, sugarcane bagasse ash, and fine graphite. 
This observation supports the use of graphite as a 
lubricant during the manufacturing process  [52]. 
 
A constant degree of friction is maintained by the 
lubricating chemicals, which also lessen the wear 

of the friction material. The EDX examination 
reveals the presence of the element Fe. It showed 
that steel fibers are present, which raises the voids 
and coefficient of friction. CA stands for calcium 
carbonate, which is utilized in S1 and S2 as a gap 
filler. The stable friction layer in brake pads is 
maintained by the Si, Mo, Ba, and Fe acquiring 
weights [53,71,72]. 
 
Lastly, the EDX examination of the element's 
composition, displayed in Figs. 16 and 17, 
showed that various calcium carbonates and 
carbon and oxide compounds constitute the 
majority of its contents. Nevertheless, the EDX 
analysis only reveals the chemical makeup of the 
composite material at some locations; it is not a 
reliable way to assess the chemical makeup of 
the sample's entire surface. Areal chemical 
analysis is suggested by the mapping 
composition as a means to have a better 
understanding of the pad's chemical behavior in 
these types of braking applications [73,74].  

 

 
(a) 

 
(b) 

Fig. 16. SEM and EDX observation before friction test for fabricated a) S1 and b) S2.  
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(a) 

 
(b) 

Fig. 17. SEM and EDX observation after friction test for a) S1 and b) S2.  
 

The SEM analysis images of S1 and S2 at the 
micron scale following service are displayed in 
Fig. 17 a) and b), respectively. After service, 
cracks are visible at the bottom left of the lining 
in Fig. 17, indicating rust formation due to 
friction. The directions of the friction traces are 
also identified. Fig. 17 illustrates the wear modes 
observed. Notably, neither sample shows any 
fiber delamination after service. Both samples 
demonstrate satisfactory performance against 
brake pad wear, with the matrix effectively 
holding the composition and resisting material 
friction. A common wear mode observed when 
hard pad particles interact with the disc surface 
is known as abrasive wear [75,76]. 
 
There are no micro-cracks observed in the radial 
direction on the surface of the pads. However, 
the surface of sample S2 showed a few minor 
sliding cracks, which are attributed to thermal 
fatigue. Consequently, all of these wear types on 
the pads' contact surface exhibit minimal effects, 
as indicated by SEM analysis and EDX mapping. 
Similarly, the compositions of sample S1 and 

sample S2 changed significantly after the friction 
test. The composition of the ‘C’ element 
increased in both samples, while the oxide 
compositions experienced slight changes 
following use. Additionally, due to friction and 
wear, most elements' weight percentage 
compositions altered, as presented in Table 11.  
 
Table 11. Weight percentage of composition S1 and 

S2 after the friction test. 

S1 After test S2 After test 

Elemen
t 

Weigh
t % 

Atomi
c % 

Elemen
t 

Weigh
t % 

Atomi
c % 

C K 50.6 63.5 C K 35.5 47.7 

O K 32.4 30.5 O K 40.3 40.7 

MgK 1.2 0.7 MgK 1.6 1.1 

AlK 2.2 1.2 AlK 4.2 2.5 

SiK 4.2 2.3 SiK 10.6 6.1 

MoL 4.5 0.7 MoL 3.5 0.6 

CaK 1 0.4 CaK 2.7 1.1 

BaL 2.2 0.2 BaL 1 0.1 

FeK 1.7 0.4 FeK 0.5 0.1 
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In a nutshell, the following advantages can be 
enumerated from the proposed methodology:  

• The mechanical, physical, and tribological 
performance of the samples has been 
reported, allowing for extensive analysis to 
draw definitive conclusions. 

• Previous literature on brake friction 
materials (BFM) incorporating both rice husk 
(RH) and sugarcane bagasse ash (SCBA) has 
not addressed the fade and recovery 
performance, nor the worn-out surface 
morphology. 

• This study effectively demonstrates the 
practicality of using brass and agricultural 
waste to create environmentally friendly 
brake pad friction materials. 

 
 
5. CONCLUSIONS AND FUTURE SCOPE 
 
This research on the utilization of agricultural 
waste, specifically rice husk (RH) and sugarcane 
bagasse ash (SCBA), in brake friction materials 
(BFM) aimed to address the issue of waste 
management for these by-products. 
Additionally, there has been an effort to 
eliminate hazardous compounds such as copper 
and asbestos in friction materials. By examining 
the physical, mechanical, and tribological 
properties, the following conclusions were 
drawn: 

• The findings of this study indicate that copper 
can be replaced with various alternatives, 
including brass, alumina, and graphite. The 
weight percentage of brass used was 2%. 
However, increasing the percentage of brass 
can stabilize friction, enhance heat 
conductivity, and improve tribological 
characteristics, although it will also increase 
the density of the friction material [14].  

• The densities recorded for samples S1 and S2 
were 2.00 and 1.98 g/cc, respectively. The 
increased density is primarily attributed to 
the higher filler content, which enhances the 
homogeneity of the composite brake pad. 

• Mechanical tests demonstrated that the 
results of the compression, tension, shear, 
and flexure tests are comparable to those of 
commercial brake pads and previous studies. 

• Sample S1, with a higher weight percentage of 
rice husk, exhibited lower shear strength 
compared to a commercial brake pad. In 
contrast, sample S2 had a higher weight 
percentage of SCBA, which improved the 
bonding of the particles with the binder 
during the molding process. 

• The coefficient of friction (COF) referenced in 
the literature for automotive applications 
ranges from 0.3 to 0.7. The fade COF for S1 
and S2 during the first cycle did not differ 
significantly, even after the composites were 
subjected to temperatures of 289°C and 
345°C during the first and second fade cycles, 
respectively. There was no significant change 
in fading under various conditions, making 
these materials suitable for vehicle 
applications. 

• In the fade and recovery test, both S1 and S2 
demonstrated fade resistance and recovery 
percentages that meet the necessary 
requirements. 

• The wear mass percentages for S1 and S2 
were calculated at 11.32 and 11.11, 
respectively. Although S1 exhibited higher 
hardness, its wear was slightly greater than 
that of S2. This increased wear in S1 is 
attributed to the higher weight percentage of 
rice husk, leading to fiber debonding from the 
base material during testing. 

• Scanning Electron Microscopy with Energy 
Dispersive X-ray Spectroscopy (SEM-EDX) 
analysis indicated that the matrix was well-
bonded, the material was uniformly 
distributed, there was no fiber delamination, 
and tribofilm formation contributed to 
maintaining stable friction. 

 
This study has demonstrated that rice husk (RH) 
and sugarcane bagasse ash (SCBA) can be 
effectively used to produce environmentally 
friendly brake pads. Additionally, utilizing 
agricultural waste in industrial applications 
appears to be a promising approach. Based on 
the findings of this research, several areas for 
future investigation are suggested. 

• Mechanical and tribological tests were 
performed without statistical error analysis; 
future studies should include replicates and 
measures of uncertainty. 
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• Further investigation is necessary regarding 
particulate emissions (PM) and the potential 
for silica crystallization during high-
temperature braking. 

• There is potential for optimizing the 
percentage of RH and SCBA, along with 
processing parameters, to reduce wear 
without sacrificing strength. 

• The impact of varying brass percentages on 
wear estimation warrants analysis, as 
existing literature indicates that brass 
content should be maintained between 4.5% 
and 8%. 

• The numerical analysis in the literature has 
indicated that applied pressure, pad 
penetration, and its temperature are 
connected to each other. During prolonged 
braking, the temperature can go up to 800OC, 
causing excessive fade. So, the thermal 
conductivity and heat capacity of BFM can be 
investigated [77]. 
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NOMENCLATURE: 

 
BFM Brake pad friction material 

RH Rice Husk 

SCBA Sugarcane Bagasse ash 

SEM Scanning Electron Microscopy 

EDX Energy Dispersive X-ray Spectroscopy 

S1 Sample 1 

S2 Sample 2 

PM Particulate matter 

COF Coefficient of Friction 

 


