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Microstructural Analysis and Optimization of Asbestos Free Brake Pad
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A friction lining material that is free of asbestos has been developed using sea shell powder (with a diameter of 125 pm),
phenolic resin as the binder, and alumina metal filings and graphite as fillers. Prior to pulverization, the sea shells were
oven-cured at 100 °C for five hours to eliminate excess moisture. The resulting pulverized sea shell, along with phenolic
resin, alumina metal filings, and graphite, was used to create samples, which were evaluated according to the
ASTM D 4703-03 standard. The newly developed ashestos-free brake pads incorporating sea shell powder (SS) and four
other components underwent physical, chemical, and Thermal Gravimetric-Differential Thermal Analysis (TG-DTA)
assessments, comparing them with commercial brake pad materials. Morphological examinations of worn surfaces
indicated various forms of wear, including abrasion, adhesion, grooving, and delamination. Scanning Electron Microscope
(SEM) images showed that the worn surfaces of the composite with 35 wt.% SS powders exhibited a smoother finish with
fewer cracks, suggesting reduced wear. Taguchi's analytical approach (L16 orthogonal array) was employed to assess the
coefficient of friction and wear rate under different tribological parameters. Additionally, a statistical analysis of variance
(ANOVA) was conducted to identify significant compositions for optimal brake lining performance. The ANOVA tables

revealed that the regression models were valid as the P-values were less than 0.05 for a confidence level of 95 %.
Keywords: seashell (SS), brake linings, morphological studies, friction materials.

1. INTRODUCTION

The current research work is done to understand the
wear mechanisms of the friction materials and improve their
wear and frictional properties. When using a disc brake, the
linings, which are often referred to as pads, grip the disc
from opposing sides. The normal forces exerted by the pads
are unaffected by the frictional force that acts between them
and the disc as these forces are perpendicular to one another.
Therefore, the amount of force required to apply the brakes
will be proportional to the amount of normal force that is
delivered, provided that the coefficient of friction between
the two components remains unchanged. One other
advantage is the reduced overall weight [1].

In automotive industry the trend has shifted to asbestos
free organic composite friction materials manufacture brake
disc pads and clutch facing are increasingly growing in
demand used in automotive applications. They are
essentially multi-ingredient systems to achieve the desired
amalgam of performance properties [2] amongst which the
coefficient of friction and its stability under various
operating conditions, such as temperature, pressure and
speed is most important. The four categories of ingredients,
viz. binders, fibers, friction modifiers and fillers based on
the major function they perform apart from contributing
towards friction and wear performance are selected [3].
Binders mainly from phenolics or modified phenolics
provide mechanical integrity to the friction material while
fibers, such as mineral, ceramics, organic and metallic types
provide mainly the strength. Friction modifiers, such as
abrasives and solid lubricants are used to achieve the desired
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range of friction. Fillers are again subdivided as functional
fillers and space fillers/inert fillers. The effect of such
ingredients on tribo-performance and fade and recovery
behaviour is extensively studied in the literature [4-10]. In
the case of a brake lining, the control of the friction
characteristics by changing the ingredients is a very
complicated task, since it requires many experiments to
obtain reliable results and involves synergistic effects from
multiple ingredients. A limited number of studies
investigating the compositional effect are available in the
literature [11-15] and a complete analysis concerning all the
ingredients in a friction material is seldom found. The
limited information about ingredients used in the friction
material and their effects on the friction characteristics is
partly ascribed to proprietary reasons [16-18]. In this work,
a friction material containing 16 different ingredients was
investigated to study the effect of ingredients on the friction
characteristics. We focused on the change of the average
friction coefficient, fade, wear rate, and friction induced
noise propensity as a function of the relative amount of the
ingredient.

2. MATERIAL AND METHODS
2.1. Filler material

As their natural habitat is the ocean, seashells naturally
possess a high resilience to moisture. They are naturally
endowed with superior attributes of hardness and corrosion
resistance, which in turn, endows them with an increased
resistance to wear [19]. This is the primary reason why the
powder made from seashells was chosen to be used as a
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filler material in the production of this composite.
Additionally, since the seashell powders are ball-milled and
turned into powders, they can fill the micropores of the
composites that are formed while the composites are curing.
It renders the composites defect-free, and when a material is
defect-free, it has superior qualities in terms of both its
mechanics and its physics. The seashell for this research was
collected from the beaches of Tuticorin in the state of Tamil
Nadu, India. Studies carried out by the researchers who
fabricated and tested a glass fiber reinforced epoxy
composite filled with seashell found out that the composite
can be used for making auto parts, helmets, and other similar
items [20]. However, they also found that the addition of the
seashell fillers reduces the tensile properties of the
composites.

2.2. Reinforcement

To strengthen the material, this research makes use of
steel powder as reinforcement. Steel powder is often
employed in commercial semi-metallic brake pads because
they offer high wear resistance and retain friction at
increased temperatures. This led to their selection as the
material of choice [21]. Steel powder offers good traction,
but it does not prevent fade and causes the disc plate and
brake pads to wear down at about the same rate, which is
problematic since the brake pad, not the disc plate, is
intended to be a consumable component. Additionally, steel
powder was acquired from Sarada Industries in Jaipur,
India.

2.3. Lubricant

Graphite, which is a polymorphic form of carbon, has
one-of-a-kind physical and chemical features that make it
very useful in the high-tech industrial sector. It is possible
to achieve above 99.99 % purity using thermal or chemical
purification on a large industrial scale with outcomes that
are both easy and inexpensive to achieve. It has a high
melting temperature of 3,500 °C, is a great heat and
electrical conductor, and has a high melting temperature
[22]. It is chemically inert, exceedingly refractory, and
resistant to the effects of high temperatures. Additionally,
the graphite that was used in this investigation came from
Sarada Industries in Jaipur, India.

2.4. Abrasive

Within the family of engineering ceramics, alumina is
the material that is used the most often and has the lowest
overall cost. As a consequence of this ceramic's widely
accessible raw ingredients, which are of a high performance
and technical grade, and their reasonable price, the process
of producing alumina forms results in overall superior value
[23]. It should not come as a surprise that fine grain
technical grade alumina has a very broad variety of
applications since it has a superb mix of characteristics and
an appealing price. In addition, the alumina that was used in
this investigation was acquired from Kumaraswamy
Chemicals in Cuddalore, Tamilnadu, India.

Table 1 presents with the reasons behind choosing the
specific filler, reinforcement, lubricant, binder and abrasive
materials.
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Table 1. Material used and reason for their choices [24]

Reason
Rarely used
Non-ashestos eco-friendly
material
Improves resilience in the
binder system and reduces
brake noise
Good wettability and low
cost
Temperature resistance up
to 250°C
Having good thermal,
mechanical, and tribology
properties.
Low cost
Better wear properties.
Non-hazardous,
Cheap and widely used

No. Role Material

Material Sea Shell

Phenolic

Binder .
resin

Abrasive Alumina

Friction Modifier|Graphite

Steel
powder

Reinforcement High wear resistance

2.5. Formulation

Table 2 presents the formulation of the friction
composites that were used for this research project. Table 2
displays the quantities (expressed as a percentage) of each
constituent that are included in the composite material.
Because the presence of relatively dominating filler may
have a considerable influence on the final qualities of the
brake pads, this mix of composite materials for the
composite was selected because of it. This formulation was
selected because it is most similar to the usual formulation
indicated, which is also the formulation that is commonly
utilized in the majority of the basic formulations of
commercial brake pads [25].

Table 2. Percentage of materials used in the brake pad samples

[25]
D Materials, wt.%
SS Resin | Alumina | Graphite |Steel powder
S$S20 20 63 7 5 5
SS25 25 58 7 5 5
SS30 30 53 7 5 5
SS35 35 48 7 5 5
2.6. Crushing

To reduce the size of the solid pieces that needed to be
crushed, a jaw crusher was used to perform the crushing
operation.

__| 125um wide

Fig. 1. Samples of crushed sea shells [24]



2.7. Sieving

An UTS Sieve shaker was used for the purpose of
screening the crushed and ground sea shell. Sieving is a
process or operation used to separate specified sizes of
crushed and sea shell from a mix of varied sizes [26]. This
is accomplished by passing the palm slag through a series of
meshes of varying sizes. In this study, a stacking type sieve
was used to produce a range of particle sizes. The sea shell
is sent through a succession of sieves that are stacked in
sequence, beginning with the sieve that has the smallest
apertures and working its way up to the sieve that has the
largest openings. The 125 um wide seashell as shown in Fig.
1 was selected as the best option for the objectives of this
study. When the diameter of the particles was smaller than
the size of the square aperture on the sieve screen, they were
able to pass through the sieve. The particles that were sieved
were roughly spherical and irregular in form. According to
Jain's research, sieve size does not reliably predict mass-
based findings for elongated and flat particles since these
particles can still pass through or may pass through the
screen end-on, despite the fact that they are unable to pass
through the screen side-on [27].

2.8. Sample preparation

Mixing, preforming, post curing, and surface finishing
were the steps involved in the manufacturing process of
brake friction compounds. The process began with several
components and finished with surface finishing. Table 3
outlines the steps that must be taken to successfully

expelled from the die cavity. Each of the specimens was
compressed until it took on the appropriate form and had a
diameter of 10 mm as shown in Fig. 2. The blueprint for the
mould served as the basis for determining their final
dimensions and contours. Green bodies are the samples that
have been compressed, and they belong to the category of
brake pad composite materials. These green bodies were
compressed even deeper and then allowed to cure.

r
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Fig. 2. Schematic image of showing technique for the preparation
of the ‘green body’ samples [24]

The green body was allowed to cure until the pad binder
system had reached its maximum curing potential and
solidified into a block. The green body was heated by being
subjected to certain pressures in a hot press. 60 tons of
pressure was used throughout the moulding process. Table 4
indicates the post curing temperature that was set in the hot
press. After the post curing process had run its course for
5 minutes, the samples were left out in the open air to cool
to room temperature.

Table 4. Post curing temperatures [29]

manufacture brake friction material. Cycles Temperature, °C
Table 3. Outline of the preparation steps ' 90-100

1 105-120
Steps Process 11 125-140
Mixing Sequential mixing of all ingredients in \Y/ 145-160

plough type shear mixture

Hot Compaction of the mixed
ingredients

Cured products further cured to remove
the excess uncured resin content
Grinding and center cut on finished
brake pads

Preforming and curing

Post curing

Finishing

During this investigation, powder was compacted using
the cold press method, with the required instruments and
dies. Powder is often placed inside of a die chamber that is
closed off at one end. After the various components of the
brake pad had been milled into a homogenous mixture, this
mixture was prepared to be put in the mold and compressed.

However, in order to prevent the powder from sticking
to the surface of the mould, a lubricant such as WD-40 was
sprayed on the mould before it was filled with the powder
[28]. This served to both lubricate the mould and prevent the
powder from adhering to the surface of the mould. After the
lubricant had been applied to the mould, the homogenous
mixture of materials that had been created by the ball mill
was deposited in the mould and compressed using a uniaxial
hydraulic compression machine with a pressure of
15-17 MPa. The compaction procedure resulted in the
production of brake pad components that, after cooled to
room temperature, could be compressed into the form of the
mould, and the resulting compacted materials could then be
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Before and after the curing procedure, the diameters of
the samples were measured using a vernier calliper, and they
were weighed using a balance to ensure accuracy.
Calculating the percentage of change in the dimensions of
the samples required the measurements to be taken, which
were then employed. In this instance, changes in the
material's physical qualities were brought on by chemical
interactions that took place between the raw ingredients as
the phenolic resin was being heated to its curing
temperature. Following the completion of the post curing
process, the friction composites were taken out of the oven.
Grinding wheels were used on the friction composites to
attain the appropriate thickness and to remove the resinous
skin from the surface of the friction composites. This was
accomplished by grinding the friction composites. Fig. 3
depicts the brake pads that were ultimately created.

3. RESULTS AND DISCUSSION
3.1. Microstructure analysis

Scanning Electron Microscope (SEM) JEOL JSM 6390LV,
a high-performance, low-cost instrument was used to create
the microstructure image of the brake pad sample after it had
been cured. The microscope had a high resolution of 3.0 nm
and a magnification of 100 times. The SEM micrographs of



the brake pad sample are shown in Fig. 4, and each one
displays a different proportion of phenolic resin and sea
shell powder.

Fig. 3. Samples of finished brake pads [24]

The images depict the carbon black materials that were
used as a lubricant for the brake pad composite matrix. The
black dots in the images indicate the carbon black
ingredients, and the carbon region shows an area that had a
combination of phenolic resin and carbon black. On the
other hand, the pale zone and the dots point to calcium
carbonate being present [30].

Although there are some signs of holes owing to the
varying particle size of each admixture material, overall
inspection reveals that the combination of the components
for the brake pad is well disseminated. This is the case even

if there are some pores. The micrograph showed that the
mixture with the ratio 20 —25 included a greater number of
holes than the combination with the ratios 30 and 35. It has
been shown that the quantity of phenolic resin and powdered
sea shells both have a role in determining the existence of
pores. The pores shrunk as the amount of phenolic resin and
sea shell powder in the mixture increased; this can be seen
clearly in photographs that have been processed to reduce
the number of holes [31].

Following the completion of the wear testing, the worn
surfaces of the brake pad composites were analysed by
SEM. On a microscopic scale, the worn surfaces gave the
impression of being rough, and the texture was described as
having peaks and valleys. During the braking test, wear
debris was produced, and it consisted basically of a fine
powder that was either discharged into the environment or
confined between the contact regions or in void areas [32].
During the test, wear debris was formed. The debris from
the wear collected, heaped up against the places that came
into contact. Following this, the contact regions grew in size
and produced a friction layer as a result of the compaction
of the debris that had been trapped [33]. The worn surface
of the sample can be seen in most of the SEM micrographs
that are shown in Fig. 5. This micrograph portrays that the
built-up friction layer was only present on sections of the
surface. As can be seen in Fig. 5, the friction layer does not
completely cover the SS particles and the filled resin. The
debris has a tendency to fill the gaps and holes that were
caused as a consequence of the poor compactness that was
a direct result of the low moulding pressures [34].

Fig. 4. a—presence of pores in SS 20 samples; b —presence of pores in SS 25 samples; ¢ —presence of pores in SS 30 samples d—no

presence of pores in SS 35 samples
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Fig. 5. Worn-wear test microstructure of SS brake pad samples
prepared with sea shell: a—20%; b—25%; c—30%;
d-35%

From the SEM micrographs taken during the wear test,
the following types of wear processes were detected and
involved: abrasion, adhesion, and groove development. The
abrasion wear mechanism is usually defined by the presence
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of ploughed marks on the friction layers. This is because
abrasion wear occurs when two surfaces rub against one
another. This wear mechanism was seen in all instances of
the wear test for all the samples as shown in Fig. 5. This
occurs because of hard particles ploughing into the wear
surface, which exists as a third component between the
friction material and the brake disc [35]. Another wear
process that is involved is adhesion, which takes place when
the contact area expands to create patches because of the
compaction of wear debris that is trapped between the
sliding surfaces. This happens when the contact area is
subjected to friction. As demonstrated in Fig. 5, a thin film
will continually create smear and shear on the sliding
surface as the braking process continues. This will result in
the film becoming flatter. This friction film has a
composition that is comparable to those of the elements
found in brake discs and friction material.

3.2. Surface roughness

The three-dimensional surface roughness profile of the
worn-out friction pads may be seen in Fig. 6. When
temperatures are raised to high levels, thermal stresses
emerge at the mating contact. These stresses cause the fibers
to become thinner. It causes friction undulations, which
leads to an increase in the roughness of the friction surface.
Because of the lubricating films made of SS that were
present in the frictional surface, the composites SS20 and
SS25 exhibited decreased surface roughness.

Brake pad surfaces undergo deformation during
contact, and certain abrasions might lead to excessive wear
owing to the pad’s heterogeneous composition. The
adhesion process destroys the pore walls and creates
1-2 pm high plateaus in the non-adherent zones.

continued on the next page
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Fig. 6. Surface roughness of composite: a—SS20; b-SS25;
€—SS30; d—SS35

Fig. 6 ¢ depicts the major impact plot for the minimal
wear rate. The longer line represents the most influential
element, and the addition of the filler powder is shown next
to it on the plot, which was constructed using the "smaller is
better" aim [36]. From the graph, it was observed that the
SS powders added should be as high as possible; this
variable has the most impact. Phenolic resin, which
decomposes at about 450 °C, is the ideal binder for brake
pad production. Utilizing a 100 pm sieve of SS powder with
70 % and 30 % composition of resin, the findings indicated
superior results for the fabrication of brake pads than those
seen in the literature for an asbestos brake pad using agro
waste and phenolic resin as binder [16].

The generated samples lost hardness, density, and
compressive strength as the sieve grade became smaller, but
the wear rate got larger as indicated in Fig. 7. The brake pad
material's improved characteristics may be attributed to its
increasingly tiny sieve particle size. The present research
evaluates the rate of wear on brake pads as well as their
compoasition in the context of the above factors.

3.3. Thermal gravimetric analysis (TGA)

Perkin Elmer made TGA4000 was used to test the
substance's thermal stability [37]. It was used for
determining whether the completed product had lost weight
in proportion to an increase in temperature. A weight of
roughly 5 mg was assigned to the sample. The rate of gas
flow was 20 ml/min, and the gas that was being used was
air. The rate of temperature increase was 10 °C/min, and the
highest test temperature that was being used was 800 °C.
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The platinum pan that was being used was 180 pL. The
results of TGA for brake pads containing different
percentages of seashells are shown in Fig. 8.
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Fig. 7. a—compressive strength of the SS compositions compared
with a commercial brake pad; b—wear rate of the SS
compositions compared with a commercial brake pad

It is possible that the high thermal characteristics of
commercial samples are due to the presence of asbestos
fibers, which were often found in them. The degradation
curve of the seashell brake pads was comparable, although
it was variable depending on the temperature. Below
200 °C, deterioration starts in earnest. It seems, after
thorough inspection, that the temperature at which heat
deterioration occurred was between 140 °C and 170 °C. An
apparent peak in the rate of degradation can be seen at
around 641 °C for SS20, SS25, and SS30 in the seashell-
filled brake pad. This peak moves to 460 °C for SS35
because of an increase in the amount of seashell content.

This leads one to believe that a higher temperature was
necessary for the phenol contained in the seashell
composites to go through the process of thermal
decomposition. The addition of seashell to phenolic resin
resulted in a significant increase in the resin's thermal
stability, and this was not just because seashells themselves
have a higher thermal stability. It has been discovered that
seashells contain between 95 and 99 % calcium carbonate
(CaC0s) by weight, which is the reason why they are so
successful [38]. At temperatures of 500 °C, alumina begins
to degrade in tests of seashell-filled brake pads. Researchers
have shown that alumina goes through a process of thermal
degradation between temperatures of 400 °C and 500 °C,
which reveals a potential way for the additive fabrication of
dense and resilient ceramic structures. The graphite in iron-
filled brake pads, on the other hand, underwent thermal
decomposition within a temperature range of 700 °C and
800 °C.
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Fig. 8. TGA curves of brake pads: a—SS20; b—SS25; ¢ —SS30; d—SS35

The reported range of temperatures at which
deterioration occurs may be the result of differences in the
materials that were used. Another degradation event was
seen at around 900 °C, and it was determined that this one
was caused by the transformation of CaCOs in the seashell
into CaO. At a temperature of 810 °C, the CaCOs in
seashells rapidly decomposes into CaO, which results in a
considerable loss of mass for the shells. The objective of the
research team that was responsible for this study was to
develop a brake pad that was easier on the environment
without compromising the pad's performance in terms of its
thermal stability. It is important to note that seashells may
be used to fill brake pads, and they can be used in a vehicle's
braking system if the temperature does not exceed 460 °C.

3.4. Composition optimization

A loss function was used by Genichi Taguchi [39] and
it is the difference between the experimental value and the
goal value that is then turned back into the signal-to-noise
ratio. The S/N ratio, often known as the mean to standard
deviation ratio, is defined as follows: Taguchi referred to the
desirable value (mean) for the response as the signal, and
the unwanted value (standard deviation) for the response as
the noise [40]. These terms reflect the response in their
respective ways. Taguchi has split the S/N ratio into three
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categories, based on the needs of response. These categories
include medium-the-better, higher-the-better, and lower-
the-better. The range for each controllable parameter was
chosen based on the results of the preliminary trials, which
are detailed in Table 5.

Table 5. Composition process parameters and their levels

Composition parameters Levels

1 2 3 4
Particle size, um — A 100 115 125 140
Phenolic resin, wt.% — B 63 58 53 48
Sea shell powder, wt.%—-C| 20 25 30 35
Time, min — D 5 10 15 20

According to the findings of this research, a lower value
for quality parameters such as wear rate (R1) and water
absorption (R2) is preferable when trying to improve
machinability.

%ratio (Smaller is better) = —10log %Z(R)Z, 1)

where n is the number of observations; R is the each
observed data response.

Therefore, the above-mentioned Eq. 1 was used in order
to compute the S/N ratio [41], and the results of this
calculation are shown in Table 6. The Taguchi analysis was
performed with the help of the Minitab 19.0 software tool



[42]. The findings of the analysis of variance (ANOVA), as
well as the means of mean plot and the means of S/N ratio
plots, were obtained and will be provided in the subsequent
discussions.

Brake pad surfaces undergo deformation during
contact, and certain abrasions might lead to excessive wear
owing to the pads heterogeneous composition. The adhesion
process destroys the pore walls and creates 1—2 pm high
plateaus in the non-adherent zones. Fig. 9 depicts the major
impact plot for the minimal wear rate. The longer line
represents the most influential element, and the addition of
the filler powder is shown next to it on the plot, which was
constructed using the "smaller is better" aim [36].

Particle Size Phenolic Resin Sea Shell Powder

fAmN

10 15 20

8.0

Mean of Means

6.0

100 115 125 140 48 53 58 63 20 25 30 35

Fig. 9. Composition process parameters effects on wear rate R1

From the graph, it was observed that the SS powders
added should be as high as possible; this variable has the
most impact. Phenolic resin, which decomposes at about
450 °C, is the ideal binder for brake pad production.
Utilizing a 100 pm sieve of SS powder with 70 % and 30 %
composition of resin, the findings indicated superior results
for the fabrication of brake pads than those seen in the
literature for an asbestos brake pad using agrowaste and
phenolic resin as binder [43]. The generated samples lost
hardness, density, and compressive strength as the sieve
grade became smaller, but the wear rate got larger. The
brake pad materials improved characteristics may be

Table 6. Optimization plan, experimental results and S/N ratios

attributed to its increasingly tiny sieve particle size. The
present research evaluates the rate of wear on brake pads as
well as their composition in the context of the above factors.
In real world applications a braking system must function in
wet, dusty, and oily environments. The brake pads must
maintain consistent performance and minimal wear under
these extreme circumstances. Friction composites must be
inert in both water and oil. Consequently, it is necessary to
measure the quantity of oil and water absorbed by the pads
when they are immersed in both water and oil over a period.
From Fig. 10 it is observed that more water and oil were
absorbed by the brake pads that had SS shell additive
material applied to them.

Phenolic Resin Sea Shell Powder Time

[v/

5

Particle Size

Mean of Means

0.6

100 115 125 140 48 53 58 63 20 25 30 35 0 15 20

Fig. 10. Composition parameters effects on water absorption R2

The particle size of sea shell is claimed to change the
properties of the formed brake pads, with a rise in hardness,
compressive strength, and density as the particle size is
reduced from 710 to 125 um and a reduction in oil
absorption, wear rate, and water absorption rate [28].
Therefore, the 125 um sieve size of periwinkle shell
particles produced results that were comparable to those
produced by a commercial brake pad. A higher level of
mechanical characteristics may be achieved by ensuring that
the reinforcement is securely bonded to the matrix [44].

RUN Composition parameters Experimental results _ S/N ratios
A B C D Wear rate R1 Water absorption R2 R1 R2
1 1 1 1 1 6.29 0.73 -15.9730 2.7335
2 1 2 2 2 6.31 0.6 -16.0006 4.4370
3 1 3 3 3 6.37 0.79 -16.0828 2.0475
4 1 4 4 4 4.69 0.53 -13.4235 5.5145
5 2 1 2 3 5.46 1.07 -14.7439 -0.5877
6 2 2 1 4 10 1.45 —20.0000 -3.2274
7 2 3 4 1 5.62 0.78 —-14.9947 2.1581
8 2 4 3 2 8.5 0.81 -18.5884 1.8303
9 3 1 3 4 8.63 1.34 -18.7202 —2.5421
10 3 2 4 3 7 1.09 —16.9020 —0.7485
11 3 3 1 2 8.51 1.1 —18.5986 —0.8279
12 3 4 2 1 5 0.43 -13.9794 7.3306
13 4 1 4 2 6.33 0.72 -16.0281 2.8534
14 4 2 3 1 9 0.71 -19.0849 2.9748
15 4 3 2 4 5.93 0.75 -15.4611 2.4988
16 4 4 1 3 7.45 0.68 -17.4431 3.3498
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The findings of the current investigation are in accord
with the literature provided, as shown in Fig. 10, which
displays the influence of process parameters on water
absorption.

Table 6 makes it simple to interpret the results of the
experiment by bolding the values of the levels
corresponding to the experimental conditions. An Al1-B1-
C2-D1 configuration is shown to be the most wear-resistant
combination. Table 7 indicates the S/N response achieved
for the R1. Fig. 11 shows the average signal-to-noise ratio
calculated using the Minitab programme. A smaller S/N
ratio indicates a larger discrepancy between the desired and
actual output. From Fig. 11, it was found that the best mean
SIN ratio for R1 was achieved with a particle size of
100 pum, a Phenolic resin concentration of 63 wt.%, a sea
shell powder concentration of 30 wt.%, and a treatment
period of 5 minutes. Therefore, A =100 pum; B = 63 wt.%;
C=30wt.% and D =5mins were determined to be the
optimal process parameters for achieving a low wear rate,
as anticipated by the Taguchi technique.

Table 7. Wear rate —mean S/N ratios

. Mean S/N ratios
Composition Max-
parameters Level 1|Level 2|Level 3|Level 4 Min Rank
I:a:‘de S12¢. WM 1 1537(-17.08|-17.05| -17 | 171 | 3
Phenolicresin, | 15 66| 16.28| _18 |-16.37| 2.14 | 2
wt.% — B
Sea shell powder| ;4 | 1505| 1812|-1534| 3.07 | 1
wt.% — C
Time,min—D |-16.01] -17.3 |- 16.29] 169 1.29 | 4

Particle Size Phenolic Resin | Sea Shell Powder

Ly

100 115 125 140 48 53 58 63 20 25 30 35 5 10 15 20

-15.0

-15.5

-16.0

-16.5

-17.0

Mean of SN ratios

-17.5

-18.0

Fig. 11. Wear rate—mean S/N ratio

The S/N ratio response table for water absorption is
shown in Table8. The average S/N ratio for water
absorption is graphically shown in Fig. 12 and A = 115 pm;
B=48wt%; C=20wt% and D=20min were
determined to be the projected optimal process parameters
for achieving minimal water absorption. Water absorption
was shown to be maximized with the predicted combination
of elements A2-B4-C1-D4.

It is necessary to conduct conformance tests to verify
Taguchi's predicted optimal conditions. Estimating and
verifying the response at the predicted optimal composition
and process parameters was accomplished with the help of
the predicted S/N ratio (g), which was computed with the
help of Eq. 2 [45].
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where g, is the mean S/N ratio (total); €, is the optimum
mean S/N ratio; x is the number of input process parameters.

€predicted = €1 T Yi=1(80 — €1),

Table 8. Water absorption —mean S/N ratios

. Mean S/N ratios
Composition Max-
parameters Level 1|Level 2|Level 3|Level 4 Min Rank
P aAft‘Cle S1Z& MM | 368 | 004 | 0.80 | 2.92 | 364 | 2
Phenolic resin,
W% — B 451 | 147 | 0.86 | 0.61 | 3.89 1
Seashell powder| 51 | 345 | 108 | 244 | 201 | 4
wt.% — C
Time, min — D 3.80 | 207 | 1.02 | 056 | 3.24 3
Particle Size Phenolic Resin Sea Shell Powder Time

Mean of SN ratios

A

0

100 M5 125 140 48 53 58 63 20 25 30 35 5 10 15 20

Fig. 12. Water absorption—mean S/N ratio

The confirmation tests were carried out using the
composition and process parameters that Taguchi had
predicted to be optimal. The results of these experiments are
reported in Table 9 and Table 10 for R1 and R2 respectively.
An increase in the performance characteristic findings may
be attained by using the predicted optimal composition and
process parameters for both R1 and R2.

Table 9. Wear rate conformation test

Parameters Initial process Optimal parameters

parameters Experimental | Predicted

Level A2-B2-C2-D2 | A1-B1-C2-D1 |A1-B1-C2-D1

Wear rate 6.43 4.95

S/N ratio —15.7170 —13.0050 -12.9125

Improvement in

S/N ratio 2.712

Percen_tage 504 %

reduction

Table 10. Water absorption conformation test

Parameters Initial process Optimal parameters
parameters |Experimental| Predicted

Level A2-B2-C2-D2 | A2-B4-Ci1-D4 | A2-B4-Ci1-D4
Wear rate 0.87 0.59
S/N ratio 4.743 2.616 2.4818
Improvement in
S/N ratio 2121
Percentage 31.4%
reduction

It was shown, using Table 9 and Table 10, that the S/N
ratios of predicted optimum composition and process



parameters are rather similar for both R1 and R2. When
compared to the original parameter values, the S/N ratio
improvement achieved at the optimal composition and
process parameters for R1 and R2 are 2.712 and 2.127
respectively. These data can be seen in Tables 9 and
Table 10. It was discovered via the conformation tests that
the Taguchi predicted optimal composition and process
parameters delivers preferable outcomes in comparison to
the initial parameter conditions in which R1 and R2 decrease
were found to be 52.4 % and 31.4 % respectively when
compared to starting parameter conditions. As a result, the
Taguchi predicted optimal composition and process
parameters were accepted as the optimum composition and

.§ 575

Phenolic R

Wear rate

o 63 -
o 66 -
W 69 -
-2 -
- >

Hold Values
Phenolic Resin 555
Sea Shell Powder 275

Wear tate

N 650 -
W 6rs -
o 700 -
- s -
-

Hold Values
Particle Size 120
Sea Shell Powder 275

500 S25 S50 SIS
Phenolic Resin

e

process parameters for getting the low R1 and low R2 in
machining of SS brake pads under the specified conditions.
This was done to acquire the low R1 and low R2 values.
Based on the findings, it was discovered that the Taguchi
optimization approach considerably enhanced the
machinability features of the SS brake pads while
maintaining the same set of process settings.

Viewing discrete contours of the expected response
variables allows for the creation of contour plots, which are
used for analyzing the relationship between a response
variable and two control variables. The contour plots that
describe the association between the process parameters and
wear rate value are shown in Fig. 13.

Sea Shell Powder

?3383!”!

Fig. 13. Wear rate contour plots for: a—phenolic resin; b—sea shell powder vs particle size; c—for time vs particle size; d—for sea shell
powder vs phenolic resin; e —time vs phenolic resin; f—time vs sea shell powder
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According to what was discovered while examining
Fig. 13 a, a combination of a high level of phenolic resin and
a low level of particle size results in a low production of
wear rate value. As shown in Fig. 13 b, a low wear rate
could be achieved by having a high concentration of sea
shell powder and large particle size levels accordingly. It
was discovered, as shown in Fig. 13 f, that a little amount of
time combined with a large amount of sea shell powder
results in a low amount of wear. In a similar manner, the
value of the wear rate decreased substantially over the
course of time when high phenolic resin and low particle
size were used, as shown in Fig. 13 ¢ and e. However, as
shown in Fig. 13 d, a high phenolic resin concentration and
a high sea shell powder content both contribute to an
increased rate of wear.

Absorpton
- <« 0%
W o»- ors
W oS - 080
W 080 - 083
M 085 - 090
M 090 - 095
W 095 - 100
- > 100

Hold Values
Phenolic Resin =~ 555
Sea Shell Powder 275

Water

Absorption

< 05
05 = 06
06 = 07
07 - 08
08 - 09
09 - 1.0
0- 1

= 1

Hold Values
Particle Size 120
Sea Shell Powder 27.5

500 525 S50 575 600 625
Phenolic Resin

e

Fig. 14 displays contour plots that describe the
correlation between the process parameters and the amount
of water absorbed by the material. It was observed, using
Fig. 14 b, d, and f, that a low level of water absorption was
achieved at a low level of particle size and a low level of sea
shell powder concentration accordingly. On the other hand,
producing brake pad material with a low degree of water
absorption requires a significant amount of time and
phenolic resin. When all the machining conditions were
compared, it was discovered that SS brake pads had minimal
water absorption as shown in Fig.14a,c, and e. The
scientific underpinnings for the finding have been broken
out in earlier sections. In the body of research that was
conducted, findings of a comparable kind were found in
other materials that were not based on asbestos [46].

Water
Absorption
< 0.80
W 080 - 084
M 084 - 088
W 088 - 092
L] > 0.92

Hold Values
Phenolic Resin  55.5
Time 125

5832388#3

B R B R B 8 B R

10.0
75
”mauuannu
Sea Shell Powder
f

Fig. 14. Water absorption contour plots for: a—phenolic resin vs particle size; b —sea shell powder vs particle size; ¢c—time vs particle
size; d —sea shell powder vs phenolic resin; e —time vs phenolic resin; f—time vs sea shell powder
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4. CONCLUSIONS

The complex brake friction materials used in the automobile
industry was successfully developed using various
ingredients for providing adequate performance properties.

1.

Initially, four formulations were developed and
fabricated with five ingredients by varying the
compositions of sea shell (SS) powders as alternate for
asbestos based brake pads, phenolic resin as binder and
keeping other ingredients such as graphite as lubricant
(5 wt.%), alumina as abrasive (7 wt.%) and stainless-
steel powders (5 wt.%) as reinforcement were constant.
The first formulation contained 20 wt.% of sea shell
(SS) powders and 63 wt.% of phenolic binder, the
second formulation with 25 wt.% of sea shell (SS)
powders and 58 wt.% of phenolic binder, the third
formulation with 30 wt.% of sea shell (SS) powders and
53 wt.% of phenolic binder and the fourth formulation
with 35 wt.% of sea shell (SS) powders and 48 wt.% of
phenolic binder. All the developed brake pad materials
are characterized for its physical, mechanical and
tribological properties.

Morphological studies on worn surfaces showed that
the major wear mechanisms throughout the braking
process was abrasion, adhesion, grooving and
delamination. It also showed that the friction layer was
discontinuous and did not cover the whole surface. The
sizes of the grooves depended on the sizes of the pull-
out particles. From SEM micrographs, it was observed
that the worn-out surfaces of the composite SS35 had
the smooth surface with lesser cracks. Hence, the
composite with 35 wt.% of SS powders (SS35) showed
the best improvement in wear resistance.

It was observed that a high phenolic resin concentration
and a high sea shell powder content both contribute to
an increased rate of wear.

Multi-response optimization analysis on the fabrication
of non-ashestos phenolic sea shell brake pads by
composition of phenolic resin, sea shell powder,
particle size and time were performed. Based on the
experiments designed using Taguchi L16 array a set of
non-linear regression equations were generated for
wear rate and water absorption.

When all of the machining conditions were compared,
it was discovered that SS brake pads had minimal water
absorption.

These findings indicate that sea shell shows potential as an

effective

reinforcements in automotive brake pads

delivering enhanced performance as compared to traditional
brake pads.
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